
- _ _-
AO—AO*5 3U NAVAL RESEARCH LAS WASHINSTON D C F/S $0/ti N

o R S A N I Z *7: * AL SOIUC FO* CCflOSiOW—FATIII* CRACK PROPASAT ION D—CTC W
.RJL 77 J KRAFFT . W H CULLEN

LHI CLA SSIF !CD NR L $4g 3505 Pt

___

~

rJ_ 
_ _ _ _ _  E~~F. 

_ _mr ~
‘ - 2 :~

i
~ flO _pr , _ _ _ _

L’~ L;~i.~ 
—

I UI B _____ id I



I IIII~ ~ILL;~;~;1111 • 

~ 
~ 3 2  

~J2.2

i i =

I IIll~11ff!’ ~ IIIll~•~ HD~
MICROCOPY RFSOL UT ~ON TESI CHART

NA N5~ BUREAU S E : A \ 5  .5,4



- -::
~~~~~~~- ~‘

1/ NRL Memora ndum Report 3505

~~ Organizational Scheme for corrosion-Fatigue
Crack Propagation Data

J. M. KRAFFT and W. H. CULLEN, JR.

JW’echanic s of Materials Branc h
Ocean Technology Divis ion

Ju ly 1977

~~~~~~~~~

AU~ 29

—

~~~ \ \ Ii, ~~~~~~

~~~~~~~~~~~~~~

ct...

C-)

I ,  L~J
NAV AL RESEARCH LABORATORY

Washington, D.C.

C-.,
•~ppr~ vcd b r  pUHft rcIc.~se . dI~.lrIIMJIR~n unlurnibcd

L- . . -

~~~~~~~~~~

.,

— -~



F —,,
~~

~~ C U R IT  ‘I C L 6551 IC A T I  N OF 71,15 P A G E  (Wh.n 0.,. F,,,.,.d)

DE~~~°T rstSrIIuEIJTA-rIrsIi DA~~E R E A D  IN S T R I .~CTIONS
‘#“-“ “ ‘“ ‘ ‘  — 

BEFORE COMPLETING F O R M

R E P O R T  N U M B E R  ~2 G O V T  A C C E S S I O N  N~~ ~~
‘
~~~~~C I P I E NT ’S C AT A L O c .  NUMBER

NRL Memorandum Report 3505 (,,, 9
- 

4 T I T L E (..~d S iIl~~ 
6 PERIOD C O V E R E D

‘~~~

‘ ORGANIZA 1’IONAL ~CHEME FOR CORROSION-FATIGUE Interi m EE~~~~~ t a continuing
‘CRACK PROPAGATION DATA R~ L proble
- . - - 6 P E R FO R M I N G  ORG.  R E P O R T  N U MB E R

B CO N T R A C T  OR G R A N T  NLIMBER(.)

/ J (~ J.M[Krafft ~~d W .H./€ullen , Jrf
~~~~~~~~~ -

— ---‘------ -

S P E R F O R M I N G  O R G A N I Z A T I O N  N A M E  AND A D D R E S S  10 PROGRAM E L E M E N T  P R O J E C T  T A S K
A R E A  A W O R K  UNIT NUM BERSNaval Research Laboratory NRL Problt ’ms F01-03 and F01-24

Washing ton , D.C. 20375 RR-023-03-45 WR022-0 1-00 1

CON 7 ROt t44j-~~-~ 4 £ . ~ ..-M.6U~~~A ND A D O  P ESS —
- ~‘

/~~)-~ g”~”[, (
1

_ _ _ _ _ _ _ _  
99

4 M O N I T O R I N G  A G E N C Y  ~1 A M L  N A O O R ~~S I 1  dII fe, . ,, I  Do,,, Co n I r o l l I n ~ O I l , r o)  IS  S E C U R I T Y  C L A S S  (o f II1I• report) 

UNCLASSIFiED

7/ i/ A/k ) 
~~~~~~~~~~~~~~~ ‘ ‘ I / IS. O € C L A S S I F I C A T I O N  D O W N G R A D I N G

SCH EDULE

14 51 RI BIJ l IO N S T A T T U E N  I (of IhI~ Repo rt )

App rove d for public release ; distribut ion unIimit~~. - . ~~~
_—. -

~~~~- : - ~~~ / ~~r
7 0 1  S~ RI RU I ION S T A T E M E N T  7~~( ~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ asPrnU —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
15 S U P P L E M E N T A R Y  N O T E S

9 K E Y  W O R D S  (ConIfr’u. o., ‘.o~ r,. e1d~ IF n.o.. ~ .,)- .~d Id.~ t1!y by Al oof .  noe,b.,)

Fracture model
Plastic flow
Corrosion fatigue cracking
Fatigue crack propagation
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~A model , proposed earlier , is modified in an attempt to explain a number of curious behaviors
of corrosion-fatigue crack propagation (CFCP). The behaviors include effects of load ratio R in air
and salt water vs. vacuum , and effects of loading frequency at fixed R in these environments .
Assumptions of the modelling are reviewed in detai l in view of earlier objections to them. The
ingredients of CFCP per this model : Poisson contraction , strain hardening, ligament surface attack!
annihilation , and stress rel axation are developed and related to conditions of the crack-tip locale. . —
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20. Abstrac t (Continued)

— - In the modelli n g, a para meter C , for growth rate factor , is devel oped solely as a function of the form
of the ordinary or of the cyclic stress-strain curve. Previous work had developed a C 1 for the ordinary
curve , to be associated with the surface attack effect as in stress-corrosion crack ing, and one G2 for the
cy clic curve , to be associated with the stress relaxation effect as in fatigu e crack propagation (FCP) .
A hybrid G~7j is developed , combining attributes of both , which seems to successfully describe the
corrosion induced augmentation of G2 arametrl c curves of C2,1 correspond well with stage II
frequency-dependent growth in CFCP. oweve , alone they do not explain the frequency-wise stage II
threshold shift nor the frequency-independent air-environment FCP rate. It is found that these trends
can be represented by loci of constant plastic strain ra te , due to crack loading and propagation , rela t ive
to the surface annihilation rate. Such loci are determined by comparing “G maps” with strain rate
maps , using parametric curves of equal geometric-series spacing. Maps of this sort are used to analyze
about a dozen cases of CFCP including two titanium alloys , one aluminum and three steels, with one
of the steels of four different tempers . Stress-strain curves of the low strength steels are processed to
remove the Liider band effect to facilitate the modelling. The scheme for data organization involves
a representation of indexes of the two kinds of parametric curves fitting the data , an d the process zo ne
size implied by the fitting. Comparison of estimate d process zone size with literature data of micro-
structural and fractographic size measurements is encouraging. Model predication of load ratio effects
on the fatigue crack growth threshold is in good correspondence with literature data.

For the reader who may wish to defe r a detailed study of this report , an Appendix provides an
illustrated summary of major points.
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Fig. lo : Two data sources on a 5—Ni steel are compared with

p. 61 a 0—map for a low B—value 0.1. In both cases
t h e  l o w e r  b o u n d  i s ma~ lied by curves of G

2 o n l y ,
ind icating a negligible effect of the air environ-
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O R i A N I Z A T I O N A L  S C H E M E  FOR C O R R O S I O N — F A T I G U E
C R A C K  P R O P A G A T I O N  DATA

I .  I N T R O D U C T I O N

T hi s p ap e r c o n t i n u e s au th o r s ’ pu rs u i t  of  phyn ic a1 m ode ls
by wh ich various manifestations of subcritical crack propa-
gation can be predicted from ordinary and cyclic stress—
strain properties of the cracked material. The materials
fo r w h i c h  t h i s  now a p p e a r s  f ea sib l e  ar e  ge n e r a l l y  hi gh to
med ium—strength wrought alloys , w h o s e  f r a c t u r e  i n st a b i l it y
involves ductile tearing , a l b e i t  l o c a l i z e d, as distinct from
cleavage. A centr al assumption of this modelling is the
nece ssity and like ly suffic ien cy of condition for tensile
instability in the crack locale for fracture instability.
The original proposal (196)4) [1] stemmed from experimental
co rrelations of the strain for simple tensile instability,
as influen ced by te r- rature and strain rate , w i t h  t h e
pl ane—strain fracture toughness , KIc, as similarly influ-
enced. Some year s later [2] it was noticed that crack vel-
ocity under conditions for stress—corrosion cracking (soc)
co uld be related to the shape of the entire stress— strain
curve. With strain near the crack tip as sum e d  p ro p o r t i o n a l
to  t h e  s t r e s s i n t e n s i t y  f a c t o r , th i s cor responds to an
a p p l i e d  K less than KIc, i.e. , the regime of subcritical
c r a c k  propagation. Here the source of tensile instability
was viewed as a surface annihilation — or corrosion—rate
acting upon critical crack—ti p ligaments. Sinc e corrosion
i s a s t a b l e  p r o c e s s , so c o r r e s p o n d i ngly is t h e  c r a c k  gro w t h
induced to compen sate for the eroding sectional ar ea of the
ligament. In a sense , t h e n , it became unnecessa ry to
specify tensile instability as a failure condition. Crack
growth could be perceived as a mechani sm , o t h e r  t h an r i s i ng
e x t e r n a l  l o a d , by whic h the load upon crack tip eleme nts i s
ma intained constant. Later , at the sugg estion of Landes and
We i [3], the stress relax at ion during the dwell tim e of a
fatigue cycle was recognized as another source of lo ad
diminution. When related to cyclic stress—strain pro per-
t i e s , th is provided a one—parameter fit of a number of sets
of fatigue crack propagation (FOP) data [F :]. This was
follow ed by two NRL studies [5, 6], attempting to combine
influences of ligament corrosion , a s a su r fa ce e f f e c t , w i t h
its stress relaxation , as a volume effect , to  e x p l a i n
corros ion fatigue crack propagation (CFCP).

Note: Manuscript submitted June 13 , 1977 .
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Only F a r ’ ia l success was enjoyed from these endeavors.
One di t ’ f i c n i t y ,  carried over from t h e  stress—corrosion—
crackin g model , was a failure to predict the correct tren i
in the AK—threshold. Whereas the model related the
threshold directly to the yield strength level , the data
indicates a strong inverse trend , e x c e p t  at v e r y  h i gh
strength levels. Another deficiency was ppar c-nt in CFCP.
Here the K—threshold of rap id , envi ronmentally—induced
Stage II growth tends to increase with increased cycle
dura ti on. The model p re d i c t ed  no c h a n g e .

These shortcomings , as we ll as concern with the sin—
pl i st ic analysis and assumpt i ons , l e d  t o  i t s l e s s  th an
enthus iastic acceptance by the technical community. In an
a t t e m p t  to  r e m e d y  t h e se s h o rt co mi n g s , this paper reports
results of a careful examin at i on of some dozen sets of
co rrosio n fatigue crack propagat ion d ata . These ex em pl if y
each of the currently known anom olou s behavio rs of CFCP .
In each case , we have per formea mechanical stress— strain
t e s t s  of  t h e  a c t u a l , or e s s e n t i a l l y  i d ent ic al , ma terials.
Be tw e e n  t h e s e  e n d  p o i n t s , fracture vs flow data sets , we
h a v e  p e r m u t e d  w h a t  c o m b i n a t ions  of  m o d e l  p ar a m et er s i t
seemed permi ssible to vary. The permutations involved
calcul ation and graphing, m a d e  p o s s i bl e by di git al c o m p u t e r
and grap hics programming. It is though t that some imrrcve-
ments in mo dell ing have been develop ed wh ich are worth
reporting at this time.

2. ANOMALOUS BEHAVIORS IN CFCP

It may be h e l p f u l  at t h e  o u t s e t  t o  l i s t  eac~a c h a r a c t e r —
i s t i c  of O F O P  w h i c h  h a s  b e e n  a d d r e s s e d , c i t i ng he r e  t h e
data source and mater ial taken as illustrative. Such
initial summary of behaviors follows the pract ice of
Speidel [7 ]  and of Dawson and Pelloux [8]. Figure 1 depicts
those which are treated in this paper. We follow the Paris
convention [9] of d isplaying FOP data as a full logarithmic
plot of the FOP rate = aN , vs the opening mode stress

inten si ty factor range AK 1, simply called A K.

Consider first effects of the load ratio B on CFOP at
constant loading frequency. The base of refere nce , F i g u r e
la , is fatigu e crack propagat i on in vac uum , f o r  w h i c h  we
employ the results of Irving and Beevers [10] on a marten—
sitic Ti—6Al— )4 V alloy. Generally the FOP rate is lower in
vacuum than in air , particu larly at low AK levels. Despi te
the indication of an environmental effect of air , the FOP
rate in air is insens i tive ~o loading fre quency, atyp i cal
of th at in liquid corrode .t r . Irving and Beevers find the
t h r e s h o l d  f or o n s e t of j 1 ’

~~~~, .K TH, relatively insensitive to
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Fig. 1 — Curious effects in CFCP: of load ratio R , (a) little effect in
vacuum but (h ) increased growth rate and decreased AK-thresho ld in
air , and (c) increased stage II level in salt water; arid of loading fre-
quency f , (d) continuously decreasing stage II onset , (e) stepwise de-
crease , and (f)  no change.
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l oa d  r a t i o  R i 1 . o v e  ab o u t  0 .  ~~~. In  on e  e L s e  o f  a l w  . a t l oy
S t i  st e e l  ‘ l a k e , I rv i n g ,  B o o t h  a n d  B e e v e r s  [ i i ]  o b s e r v e
i I a c t i c : i l l v  n i l  s e n s i t i v i t y  f o r  a l l  B ’ s .  In  n o r m a l  a i r
env i r nIfle n t. , F I O W V I - f l , A K TH ( R )  1~~~~f l i S  off wit h (iric re :is ~~!c)

S n o  a l i m i t  o f  - i l - o u t  u : e — t h i r :  t l a 1 fo r  B = 0 .  T EL -  e x a ’ . nl e
ct t h i s , F - i  g ur - l i , is  a T i — E A l — ~~V i s e l  L v  F ~tzgerald and

•~e i  [12 . I i i  m i l — r a n r e  A K  l e v e l s , t ’ i~~ i-~~P r a t e s  t e n d  t o
m e r e a g a i n , p r i o r  t o  A k eax  r e a c h i n g  t h e  K ., i n s t a b i l i t y
l~~n :it . T h i s  i s  o h s e : - v e l  f u r  t h e  T i _ e A l _ ) 4 ’. ,  as w e l l  as f o r
A 5 3 3  B st ~ -el  ( r i o t  u s e d  h e r e )  o f  Pari s et  -ii [13]. i io w v e r ,
i n  T i — S A l — L i e — l I , F i g .  ic , B i c c i  [ i L ]  o b s e rv e s  a s t r o n g
ie t’t w a r d  t r a n sl a t i  u n  of  a r g o n — e n v i  l- u . n - n t  g r o w t h  c u r v e s  w i t h
i n c r e a s e d  R .  ‘or - e s i o n d i n g l y ,  hi s sa l  t w - . t e r  g r o w t h  c u r v e
s h i f t s  even more to t h e  l e f t  a n t  up.•i arl s as well.

R e g a r d i n g  e f f e c t s  o f  1 re ~i u e n c y  at  : Ux e d  R , P e t t i t ,
K r u p p ,  R y d e r  a n t  H o e p p n e n -  [ i s ] ,  F i g .  I c , s h o w  a t y p i c a l l y
i n c r e a s e d  C E C ?  r a t e  i n  St a g e  I I  g r o w t h  w i t h  c y c l e  d u r a t i o n
on a Ti— E~A 1 — ~~V in salt water. However , t h e  AK for St ag e II
growth accele ra tion increases wi t h cycle duration , lead ing
to curious crossovers in CFCP rates in the transition to
the normal (ai r ) growth rate curve. This effect is ci~-arly
d o c u m e n t e d  by  Dawo n and Pelloux [8] for Ti— 6Al— ’~V— 2Sn .
In a high strength ~ 3 : O  s t e e l , l i t t l e  s w e e p — b a c k  i n  S t ag e  I I
threshold is observed , Fig. ii , whereas in a line—p i pe
steel , even more is obse :-ved by Vosikovsky [~ i0 ],  Fig. i f .

Nawson and Pelloux showed CFCP f o r  square wave load iro
in salt water about 3X faster than for sine wave . However
Vosikov :k’i has one example in X65 line— sire steel showing
a CFSP r e t a r d a t i o n  by 1/3 for square vs triangular loading
patterns. Surely there are other anomolous behaviors of
CEOP. Bu t even with those noted , small wonder that con—
fusion is rife amongst engineers see king to use the avail—
able data for safe—life prediction.

3 . B P J E F  OF U L D E L L I N G  A S S U M P T I O N S

In  v i e w  of  a fo re n o t e d  cr i t i c i s m  o f m o d e l as s um p t i on s ,
a word here on rationale. This , like any physical model
f o r  f r ac t u r e  in  an ac t ive e n v i ro n m e n t , re qui r e s  a f a i l u r e
c ri t e r i on i n  t h e  co n t e x t  of a c r a c k  t ip str ess and/or strain
field analy sis. To fit any such model to CFCP data will
i n v o lve a s i ze p a r a m e t e r , i m p l y i n g som et h i ng of  t h e  a l loy
m i c r o st r u c t u r e . Fur t h e r , account for corrosion effects will
invol ve some sort 01’ su r f a c e  a t t a c k , im p l y i n g  a s p e c t s  of
corro sion chemistry. To combine all of these elements into
s i n g le , workable fracture model requires major simp lifi—
rations /approximations of each. Such simplifications o ften
orov e unacceptable to experts in the field involved , l e a d i n g
to r I - J ect i on of the entire scheme . We are n ot as t u t e
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e n i u g h  to  a v o i d  t h i s  d i l e m m a , b u t  a sk  t h a t  s u s p e c t e d  a s s u r n o —
tions be granted trial as working h yn otheses , whose
piausabi lity w o u l d  be e n h a n c e d  by su c c e s s  of  d a t a  c o r r e l a -
tions which employ them.

A. Failure Criterion/Plasticity M dcl

R e g a r d i n g  t h e  f a i l u re c r i t e ri on , we hypothesize , as
Orowan years ago [16], t h a t  loc a l t e n si le i n st a bi l i ty ,
generally conceded to be a necessary r ndition in the path
to r u p t ur e of a t e n s i l e  spe ci m en , is also a very— nearly
sufficient one for the crack ti p loc ale. How nearly depends
o f cou rse , on the effective compliance of links conne~~ting
t h e  c ri t ical  e l e m e n t  t o t h e  in te ri o r of t h e  c r a c k e d  b o d y .
The contention that reaching the maximum load point is
s u f f i c i e n t  was  ba sed o n t he e x p e r i m e n t a l  e v i d e n c e  of d i r ect
correlation of the plane strain fracture toughness K Ic w i t h
the plastic—flow strain for maximum load , as e s t i m a t e d  fr om
the strain hardening exponent n. Both 

~ Ic an d  n w er e
ob se r v e d  t o  re sp o n d  s i m i l a r l y  to  v a r i at i o n s  i n t e m p e ra t u r e
an d straining rate. A size parameter is derived from a cal-
c u l a t i on o f the d i s t an ce f r o m  t h e  m a t h e mat i c al c r a c k  t i p
origin at which the tensile y—strain level recedes to the
value of n. With KIc and  n d i r e c t ly p ropo r t io n a l , a
y— strain directly proportional to K (and independent of
y i e l d  st ren g t h  and s t r a in ha r de ni ng ch a r a c t e r ist ic s o f t he
material) was seen as indicating a constant size parameter.
Sin ce microstructural size parameters should be unaffected
by r e d u c e d  t e m p er a t u r e  and  h i gh strain rate , the test—
va r i a b l e s  e m p l o y e d , th is (constancy) seemed a desirable
attribute. Hence , t h e  s i m p l e  e l a s t i c  f i e l d  a n a logu e f o r
c r a c k  t i p  st ra i n was ad op t e d

= E ( i )

w h e r e  c,~ i s st ra i n  no rma l to the c rack  p l a n e  at d i s t an c e r
f o r w a r d o f t he cr ack t i p, a n d  F i s Yo ung ’ s m o d u l u s . S i n c e

n when K 1 = ~ Ic’ 
the size parameter was calculated as

d- 1 = K~~/2irE2n2 (2)

B.  M i c r os tr u c t ur a l  S i z e  P a r a m e t e r

Sig nificance of the size rarameter IT, c a l l e d  a
process zone size , c o u l d  no t be a ss es se d from ev id e n c e  t h e n
at hand. The strain harde ning exponent n is not always
equal to the strain for tensile instabil ity. Crack tip
triaxiality, as discussed by Williams and Turner [17], ca-n
require a greater strain. More too would be needed if
failure required att ainment of a strain intermed i ate 

that5



fo r m ax i m u m load an d  t h a t  f o r  ru p ture. Larger cri t ic a l
s t r a n n s , at g i v e n  K 10,  a r e  f m u n d  o n l y  c l o s e r  in  t. o - i a r i  tre
crack ti p ,  hens .- smaller dT .  Conversely, a stronger than
i n v e r s e — h a l  f — c  o w e r  s t r a in  s i  n c u l : r i t y,  i n d i c a n r - d by  s e v e r a l
a n : t i y s n - s [18 , 11 , 2 0 ] ,  w o u l d  p r o v i d e , f o r  g i v e n  K i c ,  s t r a i n s
r e a c h i n g  t h e  i n c r e a s e d  “ f a i l u r e ” s t r a in  at gr~~at e r  d i s t an c e s

he c r - c t  t i n .  H e n c e  a ) u d i c i o u s  c c m l i n a ~ i on  of  t h e s e
a s s n i m n t i o n s  could torev ide almost any process—zone size
n e e d e d .

As it urns out , t h o  s i z e  needed well may be sir sly
t h a t  i n d i c a t e d  by E q u a t i o n  ( 2 ) ,  as  a n u m b e r  o f  i n v e s t i —
ga ’ions , to be discussed in: Section 22 , have shown frar to—
g r a - p h~~c d i m p l e  s i z e  i n  v a r i o u s  a l l o y s  a n d/ o r  l a r g e s t —
inclusion spacing in steels to correlate reasonably well
-w ith the dT of EquatIon 2. urther , c reful experim ental
w o r k  of Liu and  his students [21] has invariably indicated
nhe inverse—half— p ower strain singularity. We conclude
Irons this that the simple elastic—analo gue strain singul-
ar ity of Eq. (1) is the better choice for these probles.s ,
whi ch is thus emrl oyed here.

C. Env ironmental Attack

Fi nal ly in t h e  l i st  of m o d e l  i n g r e d i e n t s , the
e nv ir o nm en tal in fl u e n c e  p ara m e t e r of sur face  a t t a c k . We
w ou ld d e s c r ibe t h i s  b r o a d l y as any environmenta l activity
a b ou t t he c r a c k  t i p  d T—ele lsent which has ti:e effect of
gradually annihilating the load—bearing capability of
ma terial at its surface. The most obvious means of r e m o v i n g
material was thought to be disso lution , whi ch was then
prop osed in Ref. [2]. Corrosion experts ob .i ect to this
segree of specificity, pointing out that other processes
are known to influence SOC and OFCP. Thus making the
cracked sp”cimen either anodic or cathodic with respect to
i t s  n e u t r a l con diti on i s k n o w n  to  a c c e l e r at e  t h e SOS , h e n c e
the CFCP rate. A dded stress from pressurized voids [22],
eased dislocation glide by matrix solute in teraction [23],
micro—hydride swell ing , flaking [2)4] are all possible
m e c h a n i sms . U n f o r t un a t e l y  th i s mode l c a n n o t  d i sc r imi na t e
among annihilation mechanisms. However , i t  d o e s  a l l o w
qu an t i f i c at i on  of t h e  e f f e c t  of s u c h  m e c h a n i s m s  in  ter ms
of the effectiv e total depth of surface annihilation and,
i f n o r m a l i z e d  w i t h  r e s p e c t  t o c y c l e  dur at ion , o f i t s  r a t e
of att ack.

) 4 .  S O U R C E S  OF LI~-1TTED TENSILE INSTABILITY

A ssuming that the condition of constant—load m ain te—
n on ce c o u l d  c l o s e l y  ap p r o a c h  a s u f f i c i e n t c o n d i ti on f o r
c rack g r o w t h , the  f o l l o w i n g ,  p r e v i o u s l y  pub l i shed ,
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derivation is repeated Fl -re [ 2 5 ] .  T h e  a n a l y s i s  t i t a n s  t o
m y  u n r e s t r i i r i e d  t e n s i l e  sp a - i nni e r i , s u c h as  - h o s - -  o f  siz~-

t h o u g h t  t o  r e g u l a t e  t h e  r a t e  o f  crac k c n c a -~~a- ’ ion .
i u e s t i ~~n i n :  w a - I , nina c i t  o f  s t r u i n i n c ;  h e n c e  s t r a i n .  F _ a r —
en ing ; } i e n c g ,  i n  t h e  c o a l  e x t  of  t h e  c r a c k  t i n  s t r - . i r i  t i e l  F
a t  c o n s t a n t  K , c i a c k  e x t e n si o n , i s  r e i u i r e d  t o  n r i i r i . : i i n .  a
c o n s t a n t  l o a d , h e n c e  s t a b i l i t y ,  i n  a g i v e n  l i g i n a . : t

~~~

l o a d  P s u p p o r t e d  o v e r  ar e a  A d e f i n e s  a s t r e s s

~i = P /A ( - )

or
P =

D i f f e r e n t  1a ins then

dP ~ dA ~ A d~i ( . , )

At  c o n s ta n t  l o a d  dP = 0 whence

— ~~dA = A d ~ ( n )

T h e  t o t a l  d i f f e r e n t i a l s  o f  a r e - f l  A and of stress ~ car
be s ea a r a t e d  i n t o  c o n s t i t u e n t  p a r t i a l s .  T h e  f a m i l i a r  or e s
a r e  P o i s s o n  c o n t r a c t i o n  a n d  s t r a i n  h a r d e n i n g  r e s~~e c ti ve 1y ,
i r g r e I i e n t s  of  t h e  o r d i n a r y  m e c h a n i c a l  t e n si le  i n s ta b i li t y
phenomenon. Less familiar partial s are the d~~— ligament
su rface corrosion/annihilation, and stress relaxation.
Consi der now each influence in detail.

A. Poisson Contraction

Lateral contraction , hence areal ii imi n~~t i on , due
t o  e l o ng a t i o n  of  a l i r a - m o n t  i s  c h a r a c t e r i z e d  l y t h e  P o i s s o n
r a t i o

= ( t ~~)

w h e r e  i s  d i e m  t ,r a l  s t r a i n , i s  l o n g i t u d i n a l  s t r a i n  of
t he l i gament . For sim plicity, the subscript Q , le s ic n a i n c
a lon gitudinal pr operty, is deleted in further develo sm -e n ’ .

For a li gament of ra dius n’ -1 ,  (or di ameter dT )  A =
or ,

dA = 2r r T dr-1- 2ir r~ d~~1 ( 7 )

H e n c e , t h e  a r e a  p a r t i a l  due  t o  P o i s s o n  c o n t r a c t i o n  i s
d e f i n e d  as

2ir r~, d ~~ = —vir d~~d~/~
2 ( 8 )

7 
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w h i c h  f o n -  p l a s t i c  f ! w  P p .  w h e r e  V = 0.5 becomes

= — -
~~~ d.~- dc 1) 

( 
~

B. Sn r i  F a h a l l - li  - r i F

I t  ‘ m o p e - a - r u  f r o m  t h e s e  mo n e l l  i rig a t t e m p t s  t h a t  o n l y
t h e  p l a s t i c  p a r t  o f  t h e  m e a n  i ce d  t o t a l  ( e l n i s t  F c r l u n
p l a s t i c )  s t r a in  h a r i e r n i n g  r a t e  is e f fective as stabilizing
t h e  t h r e e  “ i n d i re r s ” of  c r a c k  gr  ‘~~~ h : t h e  s u r f a c e  a t t a c k
r i t e , t h e  s t r e ss  r e l a x a t i o n , a nu  t h e  P o i s s o n  c o n t r a c t i o n .
I n  t h e  c ar e  o f  s t re s s  r e l a x a t i o n  , t h e  r e a s o n  f o r  t h i s  i s
c l e ar l y  tire p l as t i c  ( o n ly )  s t r a i n  r a t e  s e n s i t i v i t y  of  t o e
r’l ’w s t r e s s , w h i c h  i s  e q u a t e d  t o  t h e  s n - e s s  relaxation.
Fan -  t h e  o t h e r  i n d u c er s  , a p p a r e n t l y  o r : i t h e  T~~~~m a f l e n t  , n o n —
r e v e r s ib l e  p o r t  i o n  o f  s t r a i n  h a r d e n i n g  h a s  a s t a b i l i  z a t i u n
a t t r i b u t e .  H e n c e  f o r  t h e  p l a s t i-  s t r a i n  h a r d e n i n i r , t h e
st i - sn p a r t  ia]. is

(.1 ( 1 (h 1) = O~, d~ 1~ ( 1 0 )
c

0. .1ign m r ae nt Surface Annihilation

Effects of corrosion rate on tensile instab ility are
us ually negligible for ordinary macro—specimen sizes.
However for m icro—size ligaments at the crack tip, t h e
e f f e c t  can  be s u b s t a n t i a l .  F r o m  E q u a t i o n  (7) above let
drT = ~~~~~~~ w h e r e V~ is the annihilation rate a~ the d~
l i g a m e n t  s u r f a c e , w h e n c e  t h i s  p a r t i a l  of A i s

= — in ~~ V~ di. ( i i )

The  s u r f a c e  a n n i h i l a t i o n  r a t e  V S n e e d  no t  be con-
stant , but , a s i n  or d i n a r y  c o r ros i on , typically diminishes
w i t h  t ime , as indicated later. It is convenient to des-
i g na te  a sym bo l f o r  t h e  t o t a l  su r fa c e i n t r u s i on du r in g t h e
en ti r e  c y c l e  pe r iod : A r T  C V5 A t .

D. Stress Relaxation

The remaining partial of ~ i s  t h a t d u e  t o  s t r e s s
relaxation. The effe ct in stroetural alloys at ordin a ry
temperatures m ay be closely associated with the plastic—
flow stress sens itivity to rate of plastic (only)deformatios .
For present purposes it is important to have a realistic ,
yet hope fully simple characterization of this effect , parti-
cularly of how it is related to the position in the stress—
strain cycle in which it occurs. Since the’ e is a consid— 8
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e r i t l e  l i e rn i t u r e  on t h e  s t r a i n  r i t e  s e n s i t i v it y  w h i c h
i l l  be b r . u g h t  to  b e a r  on  t h i s  q u e s t i o n , t h e b - m ~~i~~ o f

c u n l v r s i o n i  s h o u l d  be n o t c h .  D e r  i v a n i on s  i n  t h e  l i t e r a t u r e
n e v i  h e  I L y  d u i  u a n d  P r a t t  [26  ] , l i t i l l at e r  by H a r t  [ 2 7

n i n e  a b u t  me  l e t  t i - r e  f o r  c o n v e n ie n c e  of  t h e  r e a d e r - , u s i  r i g
r y a b o l s  0 1  d~~lu  ani Pratt.

In  a t e n i s i l l -  t e s t , t h e  c r o s u b i c a d  s p e e d  ~r is matched
by t h e  e l n i u n , i.e p l u .~ 1 1 a n t i c  l e n g t h w i s e  d e f o r m a t i o n  r a t e of
t h i e  s p e c im e n  + 

~~ 
lus the elu sti r deformation of the

m a c h i n e  n , p a r t i c il t i r l y  of h i g h l y  s t r e s s e d  e l e m e n t s  of  t h e
l o ad  t r a i n  t i - h  a~ t h e  l a r c h c e l l  r in d  g r i n s

= 
~~ ) ~~ 

+ -
~ ( 1 2 )

With crosshead ar r est , ~ = 0 w h e nce

= — ( + ( 13 )

T h e  m a c h i n e  d e f o r m a t i o n  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  i t s
st i f fn e s s

s = ~~~ 
( 1 ) 4 )

d-z

assumed constant for small changes in load ?. Converting
l e n g t h  c h a n g e s  Z to  ( e n g i n ee r i n g )  s t r a i n  r a t e s  

~~~, E q .  ( 1 3 )
bec om e s

(~~ 
— 

~~~ 

(j ( 15 )

w h e r e  
~~ 

a n d  a0 a r e  i n i t ial l engt h a n d  s e c t i o n  ar ea of  th e
spec imen . T h e e l a s t ic d e f o r m a t i o n r at e  c an be e x p r ess ed

d/E (16)

w h e r e E i s Y o u n g ’ s modul us. Combining the specimen plus
m a c h i n e  c om p l i an c e  i n t o  t o t al co m p l i a n c e  O T*

( 1 7 )

* D e s i g n a t i o n  h e r e  of c o m p l i a n c e  by 0 , a s u s e d  by H a r t ,
r a t h e r  t h a n  by M of  G u i u  an d  P r a t t , ou r  u s u a l  p r a c t i c e .
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whence

= — ( 1- d ( 1 8 )

Eq a - t i n ( 1 8 )  sn iy s  t h a t  a p l o t  o f  a vs  a , i s  e l u i  v a - l e n t  to
a- c l o t  01  0 vs C

1 • H e n c e  t h e  s t r e s s  r e l ax a ’. i o n  t e t  n , —

v i d e s  d i re c t  m c a~r n r e  o f  a ( c ~~.

W F et h ~~r d e t e r m i n e d  by s t r e s s  r e l a x a t io n  vs  t . ime  o r
by  s t r e s s  v s  s t r a in  r a t e  m e a s u r e m e n t s , t h e  c h a n a - - t e r  of
t h i s  b e h a v i o r  i s  i m p o r t a n t  h e r e .  G u i u  a n c  i n -  a t .’ [ s ( ]  a s s e r t

n i t  t h e  a b s o l u t e  s~~n s i t i v i t y  of f l~~w s t r e s s  t o  r e l a t i v e
( l o g )  s t r a i n  r a t e , ~~~~ . i s  c o n s t a n t  o v er  w i d e l y  ran cin g
t i m e / s t r a i n  r a t e s .  ~ 0g~ C a m p b e l l  [ 2 8 ]  n o r m a l l y  d i sp l ay s
h i s  . ; t n - ~ i n  r a t e  r i n d  s t ra i n  i - a t e  h i s t o r y  e f f e c t s  i n  t h i s
manner. Th is is consistent with the observation [29] t h a t
t h e  a b s o l u t e  s e n s i t i v i t y  i n  f e r r o u s  a l l o y s  t e n d s  t o  L~ c e o —
star t for - varied strength levels. However , wh en one looks
at a given alloy ever a range of flow stress I L ’ .’e ls  r r o —
d u s e d  by s t r ai n i n g ,  t h e  r e l a t i v e  s e n i s  ~t i v i t y  ‘~~ 

‘—
~~~

a p p e a rs  m o r e  n e a r l y  c o n s t a n t .  Thu s  p l o t s  of  og-

~,rue : l c ’ w s t r e s s  vs p l a s t i c  s t r a i n  r a t e  f o r  p a r a m e t r i c
v a r i a t i o n  of  s t r a i n  level tend to be more nearly strai cr t
and parallel to each other in full logarithmic display,
t h a n  s e m i l o g a r i t- h m i c .  H a r t ’ s w o r k  s u p p o r t s  t h e  la ’ te r  con -
t ent ion. It is c o m m o n l y  used in superplasticity calcula-
tions where very large deformations must be estimated. Our
own observat ions support it. Thus , we have ele ct .ei the
la t t e r  o p t i o n  i n t h i s m o d e l  d e v e l o p m e n t , using the surer-
pla st i c i ty l i t e r a t u r e  c o nv enil~~n cf designating the exponent
of s e n s it i v it y as the c o n s t a nt m ,

d l og (d) (10)

d log (e r)

or
m = thY/a

(20)

I f  i n d e e d  t h e  s t r a in r a t e  se ns iti v i t y  is o f t he k i nd
character ized by Equation (20), i t i s p o s s i b l e  t o  m e a s u r e
it from a log plot of stress vs the relaxation time. Assume
here , as implicit in Guiu and Pratt , and  H a r t , a path— or
history—independent m echanical equation of state. Consider
then a pa th in stress/plastic—strain—rate “ sa ace ” to a
fixe l r l a s t j c  strain at two different but constant . strain
r a t e s  t j < C~~ = + d~ in corre spondingly, two different
times t1 >t~~

. The stress differential be tween these end
po ints is given by rearrangement of Eq. (20).

10
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— _ d F  -~~~~~ 
Idu mu —-— = ma — - ~~~

— ‘ ‘ n i t

H w ~~v e r - , s in c e  t h e  1 er nni i r cal  ( p l a s t i c - ) s t r a i n ,  P i s  t h e  n a - r n , ’

= f~; 
~, ~~~~~ ( 2 2 )

w he a c c

do I t 9  S 

~It ( S
= m — = — in — 2

O cot 1

- ni~~dtdo 
~ , (~~I4)

~n (
~

) = in tu  ( 1)  ( 2 5 )

Thus the slope of the log plot , no t e d  a b o v e , jr v i d e s  a
di rect measure of (—)m. This is much more c o n v e n i e n t  a n d
experimentally more accurate than measuring a r t  plo tinr e t h e
s l o p e  of t he ~ vs t ime d a t a  p lot. We fi nd good aereeroen ’
betw een the two methods of analysing stress relaxation dnr a ,
and w h e r e  ava i l ab le , with direct strain rate sensitivity
meas urements.

I t  s h o u l d  be  n o t e d  t ha t t h e  a b o v e  de ri v at i on s ~lss~o e
t h a t  r e l a x a tion o f plan tic strain as well as the strain
h a r d e n i n g  a s s o c ia t e d  w i t h  i t  a r e  ne g l i gib l e ;  h o w e v e r , cor-
rect ions for both effects are simp le enourh . The strain
hardening correction is handled graphically in our exrerl—
m e n t a l  p ro c e d u r e  by p r o je c t i n g  b a c k  to  t h e  e l a s t i c  l i n e
with an appropriate slope reflecting the strain hardening
rate.

Th is result permits the fourth stress partial to
b e d e s i g n a t e d as s i m p ly

— — di , . \
= mu —i--- . 2n

niö ~n (-
~ 

(27)

~fl ~~flfl ) 
—

~~~~~~ ~~ + ( 2 8 )

where tE/t i i S  the ratio of the hold or dwell time tH to the

~~~~~~~~~~~~~~~~~-— - - -- -~~-“ -~~~~~~~~~~~~~~~~~~ -- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~
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b i d i n g  t i m e  t L o f  t h e  l o a d i n g  w a v e f o r m .

S . All Sources Together

C o m b i n i o g  a l l  p a r t ia l  s n i t o  t u e  “ l o a d — r r a i n 1 ~ e n i a n c e ”
E q u a t i o n  ( 5 )  g ives

÷ h A S ) = A (h00 (59

I n s e r t i ng  t h e  a b o v e  d e f i n e d  e x n r e s s i o n s  d Y e S

—

~~ 

(-
~

- r~- ~~ + in d~-V 5 dt ~ = A (
~ 

d~ 1, — liii; ( 30)

We s u b s t i t u t e  sr ~~
2 for the specimen/lig aa ’ ’ nt area A , assumed

circular . It is also useful t0 rearrange to separate the
“ stabilizing ” strain differential required to ma Intain the
co n s t an t l o a d  c o n di t i on , since this will be traded for
c rac k g r o w t h  w i~~h the crack tin nl as t icit y model. W i t h  this

/4V
~ dt~

’0p “ - 1dZ ~~~~~~~~ dt + 1!~ 
_ r

,)
~~_ — 

1)P d~ t a

This ejuation , while developed for the c n s e  of a t i n y  lica—
me n t o f r a d i u s  r T, is applicable ~c any tensile soecim en ,
whe r e v e r  su b je c t e d t o  t e n s i on s t r a i n , c o r r o s i o n , strain
hardeni ng, and stress relaxation. It assum es no attributes
of the crack ti p locale. But this is now required .

5 . CRACK-GROWTH VS STABILIZING-STRAIN TRADEIFF

It is necessary now to ask how strain is apolied to
m i c r o s t r u c t u r a l t ens i le el em e n t s  e n c r o a c h e d  b y an adv a nc ing
crack wh ich is periodical 3 .y unloaded , th e n  r e l o a d e d . For
r easo n s n o t e d  e a r l i e r , we e m p l o y  t h e  si m p l e  a n a l o g u e of t h e
linear elastic crack—tip stress field. Repeating Equat ion
(i) here

1 K r
H2 ( i )

~ 
I

w h i c h  d i f f e r e n t i a t e d  b e c o m e s

(r 112 dK — -
~~~ r 312 dr ~ ( 3 2 )
2 /

w h e r e  r i s t h e  d i s t a n c e  d i r e c t l y  a h e a d  o f t h e  c r a c k  me asu re d
from the crack tip. The strain differential varies wi th the
p o s i t i o n  o f s a m p ling r. In this model we calculate the
v a l u e o f d~ at the fixed p o i n t Y r = dT ,  and  a s s u m e  tha t
s t r ai n is  c o n s ta n t  f r o m  th i s po i n t b a c k  to  t h e  a c tu a l  c r a c k
‘ i p .  T h e  e f fe c t  on t h e  loc al s t r ai n of mo v i n g  o u t  f r o m  dT

12
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a d i s t a n c e  j r  i s  t a k e n  to be e q u i v a l e nt  t o  } l o l i i n g  a J o r f l
fast in specimen -oordinates and allowing the crack to
a l v a n c e  a hi st nir i c e  — l a  up  t o  it , whence hr = —da. With

h i s , S1. (32) b ecomes

i / K (. \
= —————-- 1dK 1 ~ ~~~ d a )  (53)

~/2~ d.1 l~ \ 
d 1 /

The secon.i K in Equation ( 3 3 )  carries a suffix C to denot e
its function as a gradient factor. T h e  o t h e r  K term , dK L,
is associated wi t  h r rising load arp l ic ation. It is need -d
la t er i n  c o n n e c t i o n ’  w i t h  a s t r a i n — r a t e  f i e l d  m a p p i n g .
How ever f o r  corrosion fatigue growth , i t  may be neglected ,
u S  t h e  growth es’.’nt is ex~-cuted during the lomi dwell , while
K~ is c o n s t a n t .  The variable KG is pro p o rtion a l to t h e
cr - a- h eat of t t e  strain field at t h e  o i n t  1T ’  o f  wh i ch
a spe cial ~ rovis ion pe r-tains ‘ r u l e r  c o n d i t i o n s  of c y c l i c
loading, as discussed later. We retain these distinctions
i n  n - e - . ei- ’ i n c  F e .  ( ) - a K — n r e n r o r t i . ’ r a l  s t r a i n s  v i a  E q .  ( ~l).

d~~1) th~ dii ( 3 ) 4 )

E li m i na ti ng t~~~n1 be ’ ween Eq. (3)4) a - n d  (31), n e g l e c t i ng
i c .  y ’i el .ls -

- /0 > \ ~
dii = H-

~ 
d-1- 2inn cl-I- 4~] E~ ~~

-

~~

- - 

1)] 
~~~~

E x p r e s - i n n c ( 3 5 )  in incremental foci-n yields

i 1 (0  “ii
= [8V 5~~t + 2in (

~1 tIi~ (i + 

~~~~~~~~ H~ 
— (

us noted earlier , c r - r i c k  r r o p a ~ra ’ i o n  per cycle !a( A a /A N ) is
displayed vs the stress in tensity factor excursion , which
i n  t h i s  mo del , f r o m  E q .  ( 1 )  i s

= ~‘2~~i-~ ~~~~ (37)

Her e the c—subscript K denotes strain amplitude derived
from the K amplitude. Conversion of’ AK or AE (excursions)
to maximum values is def ined in terms of the load ratio F

_____ — ~xc ( 3 8 )I<max
_

1 _ R  Em~~~~~~1 R

All of th e o- n ni- i ables in the right— hand bracket of
E q .  ( 3 6 ) ( a s  w e l l  as m )  a r e  m e a s u r e d  from t he  o r d i n a r y  or
the cyclic stress—strain curves of the material , in a

13 - 
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m a n n e r  t o  be d e s c r ib~- 1 later. Th ~ n m i e a u i u r e ’i  t e n s i l e  v a - l i e s
ac- c conve rted to truc sti -es s T an d  t i - i ’  l o o c - i t ’u n i n a l  s t r a i n
~ fo r  i n s e r t i o n  i f l  S’~~s .  ~~~~ and ( 3 7 ) .  H.w ver , the tars.
o~ the cyclic s t r e s s— st r a i n  curve , with i t i i s r h i i n g e r  ef fe cr
i s  s m o o t h e d  o u t , r e n d e r i n g  i t  m n . n i r k e n l y  d i  1 1 c r -u t , l e s s
a n g u l a r - , t h a n  that f o r  the virgi n material.

A. Dry FCP Growth Extreme

We associate the equilibrium cyclic -urve with fat i-
gue crack propagation in a benign or vacuum e n v i r o n m e n t ,
applying the stress relaxation te r-m of Eq. (36). I f  we
index the cyclic flow properties by numeral 2 , as ~~i k .- w i s c -
the g n - o w t h  a s s o c i a t e d  w i t h  i t , t h e  a p p r op r i a t e  p a r t s  of
Eq .  (36) a -r e

(
j (  1 / d1)

fl \]
1

= 2m d-1~ ~fl ÷ -
~

‘—) 
~~~ 

— ( ~~mT~ )

where en 02, 
~ 2’ 

and  0 2 are functions of t h e  true tensile
strain 

~ 2 
of the cyc~~ic stress—strain envelope. It is

no tab le h e r e  t h a t  t ime en ter s o n l y  i n a r e l a t i v e  s e n s e ,
a f un c t i on o f t h e  f o r m  of t he l o a d i ng p at t e r n , not  i t s
fr e q u e n c y , as is consistent with the frequency independence
of fatigue crack propagation in vacuum . The frequency
independence of air—environment growth is related to this
but has further implications to be discussed later.

B. Sustained Load C r a c k i n g  Extreme

At the other extreme we associate the ordinary
virgin—material , fir st (quarter) cycle properties , denoted
by s u b sc r i pt  n u m er al 1 , with the extreme case of stead y
l o a d ing , static fatigue under severe environmental attack.
Here , o n l y  t h e  V5 term is applicable since with its linear
dependence on time it is generally much larrer than the m
t e rm , which decr eases with time . The appropriate part of
Eq. (36) i s  

- 1

~~a 1 = 8V~~ t 
[;i(-~~ 

— ( 4 0 )

wher- e c01, ~~i , a n d  d~ are functions of the true tensile
st rain .

~~ 
o f the ordinary stress strain curve . ‘t he

coeffic ient /T/2, vs u ni t y  o r Eq. (39) is to co s-n -ect t h e
instab ility condition for plane strain triaxia lity, as
propose d by Williams and Turner [17]. It has t he  effect of
d e f e r r i n g  t h e  i n s t a b i l i t y  p o i n t  to  a l a t e r  s t r a i n , f o r  w h i c h

= 0 . 8 6 6 .  The  d at a c o r r e l a t i o n s  in d i c a t e  tha t the
V’~~/2 coefficien t is unnecessary , if not undesirable , for
cycl ic growth predictions. Hence , i t  is reasoned that the

14
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rev~-rse st ra irr i n g  hue to -yci ic l u r i d  r i g  has t h e  effect of
“ li mbe r i n g  up ” the l ig ninn ie ni t so n-In ; to relax the local t n —
;ixia lity. T h e  v~~~~~’ c o e f f i c i e n t  i s  retained for- anaiysis of
st r - esu corro si on crackin g (in E q .  40) l ec r ~use for certain
it i g h — n t r- r- ngth nl iarn cg i r i g  steels , which show early maxim um
l o n e ! p o i n t s  f o l l o w e d  by a pr otracted flat—topped stress—
n m  r a i n  cur- ye , it defers t h e  i n s t a b i l i t y  p o i n t  b e y o n d  t h e
maximum loai point to strain levels cons istent with a
I’r - a c t i r e  t o u g h n e s s  a n d  p r o c e s s  z o n e  s i z e  i n d i c a t e d  by
fatigue en-nick growth modelling.

C. T r i n i x i a l i t y  Effects

Consi stent with the instability tri os I -~l i f v c oi - —

rection at t h e  KTc limit , the yield condition is also
assumed to be affected by local triaxiality . A Tresca
y i el d co n d i t i o n app lied to the elastic , plane—strain con—
dit l o r i s  which should bor ler the ‘ l a n  I i c  z o n e , e q u a l  i n
si ze t o  d r

~ 
at this poin t , in-i : ~~~~ 0~~ = 2 o ,~~. T h i s

cives a difference of princi pal str ,-s ses a~ — o~~ ay (i _ 2v )
or a tr-iaxia lity factor of l/l— 2v . T h i s  fun i n t n - o d u o e d  by
au t m e n t i  r ig t h e  m e a s u r e d  e l n i n i t i c n l u s  

~~~~ 
n - inn  i c  s t r a i n  by

f 1 \ J \’~~ 2z ’ ~
j ’

~
’
~~

2v 
— 1

) ~ 
— 

1 — 2v E
where in ; t e n s i l e  y i e l d  s t r e n g t h  a n d  ‘~ is the elastic
P o i s s o n  r a t i o .  I n ;  E q u a t i o n  (37 ) then , A C K i s  a u g m e n t e d

2v °ys
= 

~K1 en 1 ÷ 
~ — 2v E ( 4 ~~~

and in Eq. ( ) 4 o )  5Gl = cKl . T h is  t ri ax ial ity f a c t o r  fo r t h e
y i e l d  c o n d i t i o n  h a s  t h e  e f f e c t  of  e l e v a t i n g  t h e  K — p r o p o r -
t i o n a l  s t r a i n , v i a  E q .  (37), at wh ic h p l a s ti c f l o w , hence
non—infinite plastic strain hardening 0pl ’ c o m m e n c e s . An
infinite 

~~~ 
means infinite stability, he nc e z e r o  r rowt h by

Eq. (40). Numerous cases of severe corrosion—induced crack
- ropagation appear to be correctly predicted by use of this
threshold—offset formulation. However it does not always
work , generally underestim uitirr g the K Is c e t h r e s h o l d  for
softer/tougher materials , one  of  t h e  de rici encies for which
t h i s  s t u dy s u g g es t s  r e m e d y .

6. O P T I O N S  IN M I X I N G  OF G R O W T H  R A T E  F A C T O R S

A n o b v i o u s a p p r o a c h  to  pr ed i c t i n g  c or ro s i on f a t ig ue
c r a c k  gr ow t h  is  by mi x i n g  a d d i t i v e l y  t h e  t r a n s f e r  f u n ct i o n s
w h i c h  seem to  w o r k  f o r  e a c h  l im i t : v a c u u m  f a t i gue at the
l o w e r  en d of t h e  g r o w t h  r a t e  s c a l e , Eq . (39); and stress
corro sion cracking , Eq. (40), at the  u p p e r . But  t h is do es
not work! In seeking a successful scheme for combining the
in gredients for growth , a large number of d ifferent set- s of
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m o d e  L I  lu g  aun su n niptions w . r., - t r i e d .  Briefly, as it turns ou ’n
t h e r c -  a p p e a r -  t o  be t w o  d i s t i n c t  r a t e — l i r n i i t i n g  c r i t e r i a  in
c r o r r o n n i o n — f a t i g u e  c r a c k  ~ r o p a t ~a t i o n i . The  o b v i o u s  on e  i s  t h e
s u r f a c e  a n ; ’ i i h i l a t  i o n / - u r r - e s i o n i  m i t e  V 5 i n  t h e  g e n e r a l  c o n —
t e x t  o f  H ~~. ( 1~o )  . H - r e  t h e  c o r r ec t  s e l e c t i o n  o f  c r a c k  t i n
c o a l i t i o n  i s  c r i t i c a l .  ‘ — c  h a v e  b e e n  a b l e  t o  do t h i s  by
ex ci -cising only b inary , either /or lecision opt Ions: e i th e r
crack t i p  c o n d i t i o n s  p e r t a i ni r e  t o  cy c l i c  a t t r i b ut e s ;  o r
else those n e t - t a m ing to uncycle l , sustained—load attribu es ,
n a y  be e m p l o y e d .  T h e  s e c o n d  cr- i t en on , d e p e n d e n t  u o n  c a r - n - e n
a s s e s s m e n t  of  t h e  s u n - f a c e  a t t a c k  c r i t e r i o n  , i s  o n e  of
c on s t a n t  r a t i o  o f  p l a s t i c  s t r a i n  r a te  at t h e  c r a c k  t i p  t o
t h e  s u r f a c e  a n n i h i l a t i o n  rate. T h e  f i r s t  c r i t e r i on  i s  - -

apparently governed by the corros ion process: i t  i s  f r e q u e n c y
dependent and sets the level of the Stage II growt h
co rr-o’jion fatigue. The second criterion is thought to re—
flect a dearth of fresh clean surface for environ mental
attack. Here the plastic strain ing, exposing n a scent surface
i s  o u t p a c e d  by the corrosion rate , so t h a t  c o r r o s i o n n p r  d u c t s
t e n d  to s e a l  o f f  the surface , effectively arresting that
s t r a i n i n g .  To explain this , the following sections will
treat the manner of estimating the V~ limit , then the stra in
rat e field , then their combination leading to the second
criterion. —

7. SPECIAL CONDITIONS OF FATIGUE CRACK PROPAGATION

We have described rather completely the terms of the
sustained load cracking model , s u m m a r i z e d  by E q. (SO).
Conditions surrounding the “dry ” fatigue growth are somewhat
m o r n  involved , since the effects of load , hence strain—
reversal , on the mean stress location , and on the effective
st ra i n  g r a d i e n t  

~G2 require special definition. Consider
t h e s e  now i n t u r n .

A. Mean Stress C entroid Relocation

Consider a t e n s i l e  t e s t , F i g .  2 i n  which the strain
is reversed and then restored repeatedly at various points.
I f  t h e  reve rsal i s  a t t e m p t e d u st b ey o n d t h e  p r o p o r t i o n a l
limit , po int (a), the plastic yielding will m d-soc stress
re laxation. Pince the true partial of stress relaxation is
along the zero plastic strain , or el astic—load line , the
cyclic str ess—strain envelope will tend to slide back acr ’~ss
the abscissa. In a low cycle fatigue test , in which only
t h e  s t r a i n  e x c u r s ion , n o t  i t s  ab so l u t e p o s i ti on , is con. —
t r o l l e d, the centro id of area of the cyclic stress—strain
envelope w ill slip l’cwn to rest upon the zero—stress axis
(30). Th is effect is attributed to the inequalit ’ of s t r e s s
re laxation rates due t,o the imbalance of tensile and a rm -
n ress ive stresses. It, is con sistent . with the assumption ,
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Fig. 2 — Various plastic flow terms as det ermined from the
tru e stress-strai n envelopes obtained from the flow property
test
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Sec  . 4 . D - and  Eq . ( 28 ) , 0 I a- c 0 ri ’- - n i t  m e  I mit I ye  ; ; a  i n  — it
. m e n ; n i t i v j  y ,  f n - w i t c h  t i n -  s I r e s ; - r e l a x a t i o n  A~ n-n
p r - o p - n t  i o n a l  t o  t h e  l e v e l  o h  f l e w  n-n r- - s s

H o w  h o e s  c en i t n- ’ I  i r e l o c a t i o n  o r - o r  a’ t i e  e r a - k  t j p i
l i e n - c  t i r e  m o s t , t h r n - r~ . - a n  be a s s u m e d  - i s  t h a t  a n o n  - n n i o n - r - n i m r
t h e  c r a c k , c o ll a p s e  o f  t h e  e l a s t i c  s t r e s s  h i d ; o u t s i d e  t h e
mr la st i c  z o n e  w i l l  d r i v e  t h e  c r - a c k  t i e  s t r a i n  b a c k  t o  s t - n o
I t  m n ; av n ; o t  be c u e p o s e d  t o  d r i v e  i t  i n  hi ,  t h e  c o mp r e s s i v e
; m t i a i n  r u a r r a n i t s  . T h u s , a l t h o u gh  t h e  c o n h i l , i o n s  - r s r - e s s
r e l a x a t i on  a r e  p r e s e n t  a t  p o i  at  ( a ) ,  t h er e  i s  n o  o v a l  l o r -  e
p e r m i s s i b l e  m a t h  a l o ne  w h i c h  t h e  s h i f t  c a n  o c c u r .  Pr-  r a k e
a v a i l a b l e  s u f f i c i e n t  c o m p r e s s i v e — s t r e s s  s c o p e , an a- ’h d i i s m . a-l
s t r a i n ; , by  s i m p l e  g e o m e t r i c  c o n s t r u c t i o n  on F i - . 2 a p n - n ’ o x : —
mnrately e q u a l  to  O y~~/ 2 E , m u s t  be  h r - :v i i e h .  T h i s  i s  G o ’  
requiring a value of AK , with its str ain equivalent v i a
E~~. (1) of A~~1 ,, greaten than the “ -a - sure longi t u - i i a ’ e l
elastic plus n e st to strain from the lower toe oh blo c c y c l i c
stress cur -ye. The nirn -on ini t added is s i m p l y  t h e  c ‘ i i S a n t  ‘ ‘a 0 - C

of  0 y 5 / 2 E .  Thus for a g i v e n ;  t o t a l  c y c l i c  St’” c l f l  e ;-: c - o - - rm i or ~
A c~ ( a t  B = 0 ) ,  t h e  r e - n u i r e - i  e - i u i ’ -’ - o l e n t  n - n t n - a i n  i s  t h e n

‘~~~K2 = A~~2 ÷ a vs / 2 E .

A f u n - t h e n  c o n s i d e r a t i o n  i s  r - e n u i r - e d .  As  t b : e  l o a d  ma-
E i n c r e a s e s , t h e  n e e d  f o r  m i n i  i n c u r s i o n  p a t h  i n t o  t h e
b i d d er :  c o m b r e s s i v e  s t r a i n  - n u - a i r a n t  is  o b v i a t e d .  T h e
m i n i — u rn s t r a : n , • ( o r  a g i v e n  s t r a i n  e x c u r s i o n  

~~~2 ’
T h u s  r o r  -0 - l i 1~~2 t y p e  r r o wt i i  , w e  add  or ,  lI T h a  p . ,

o f  o~~ . / 2~ w I - n i n h  c a n - n e e d s  wh en c e

1 ( S o )
K2  = ( 1  — 2 ÷ —- R 2j

w n ; e c ~ - on :- p o s I t i v e  v a l u e s  of  t h e  s : u a i - e — b n a c - : e t e d  t e n ’ s. ar - c
em o l o y e  h .  T h e  c o n s en u e n c e  of  t h i s  in  t e r m s  of  c ’r - a c k
t r o n  a , a - t i o m :  i s  ~ o ‘ f r e e z e ” e f f e c t s  of  l o a d  r a t i o  o n  g r o i n - ’ P
;‘a t e  ( t h r e s h o l d )  f o r  R v a l u e s  a b o v e  1/3 .  T h i s  i s  s e an
f r - - n - no: E r r . ( 5 2 )  by  s u b s t i t u t i n g  oo,,~~/ E  f o r  A~~~ , m a k i n g  i t s
t e r n  ze ;- o a t  R = 1/3 .  T h i s  a t t r i b u te  is  d e s i r e- i  f o r -  - c — c n i n ; m m
f a t i g u e  d a t a , f o r  w h i c h  S — e f f e c t s  v a n i s h  a bo v e  F 1/ i ,  t o
be d e m o n s t r a t e d  l a t e r .

T h e  n e x t  q u e s t i o n  i s  h o w  t o  s e t  t h e  p o o k — m o s i t i o n  c y - - l ~i o
o r o p e r t i e s  f o r  H > 0 .  O u r  p e r c ep t i o n  of  ‘ h i s  i s  b-o r c t e  : 1  y
t h e  e n v e l o p e  p e a k i n g  at  p o i n t  ~c )  o f  F i g .  2 f o r  an H o f  5/1.
T h e  f o r m  of  t h i s  e n v e l o p e , f o l l o w i n g  t h e  I - l n s s i r i T- hy r - - - - b ; e n n r i :
(31) (whi c h i we corrobora te), i s as t hough the frill ,~

.,- -n l t o
en ’relore were t r a - i e r . o e 1  f r o m  i t s  n e g a t i v e  t oe o ni t,o ’ al
s t r a i n  e r u a l  to thai. of the s t r n i n  excursion . TItus the
i, a l n i e  o f  T~~2 u s c - i  i n  E q .  (~~9) is tha t for-

— 5—- - -  —~~~~~~-~~~~~~~ ~~~~~~~~~ --. -- -- ~~~~~~~~ - ~~~~~~~~~~ — - -
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Sh o u l d  t h e n  t h e  s t r e s s  l ev e l  r e s s o - a t e - i  w i t h  t~}~e o : n i t
( c )  P c -  a L ’ ; - ’ , e d  L ’ w m ; w n ~ r d  for - e r r  n - o i l  n e u t r a l i z a t i o n ?  It
u000mntS r- en i nn on - tble t h a t this : n h o u l h  h e  n o .  H o w e v e r , o u r  t r a i t s
;m l r o w  t h i s to spo i l s a c  d e t a i l s  of corr e lation . Hereo- e ,
seekin g reasons w h y  it s h o u i h  r i o t  we  n o te  tii r,t the j- athi of
s e m  r e v e r s a l  m u s t  f o l l o w  t h a t  of the full cyclic curie ,
o h  w h i c h  i t  i s , i n  e f f e c t , a I a n t :  t h e  m a t h  - : — e  of  F i t - . 2 .
i n ’ we p e n - m i t  t h e  c — d  e n v el o n e  to  s k e w  i - o w n , e x e c u t i o n  of
t h e  d — u  p a t h  w o u l d  r e q u i r e  no r o t h  e n - n c u r s  i o n ;  i n t o  t h e
‘ e f f e c t i v e l y  i n a c c e s s i b l e’ z o n e .  S i r e t h i s  i s  n -n t per-
m i t t e d , w t  j u s t i f y  r e t a i n i n -  t h e  c — i  e n v e l o n e  p u s h e d  ‘up
ag, n e i m s t  a “ m o o  n ’ d e f i n e d  1 y t h e  f i l l  c y c l i c  e n n v e l o r  e

For  t h e  p u r r o s e  o f  c a l c u l a t i n g  t h e  p o s i t i o n :  o f  t h i s
“ n - c o n ” , we d e s i g n a t e  t h e  c om e r e s s i v e  s t r e s s  e n  r r e s n r o n d i n g
t o  t h e  n e g a t i v e  t o e  of  t h e  f u l l  c y c l i c  s t r e s s -s t r a i n  c u r - c
as ocus , t h e  Compressive “ultim ate strength ’ n n a l og o u s to

°T U S  f o r  t h e  f a m i l i a r  t e n s i l e  u l t i m a t e .  In  o u r  m a n n e r  of
t e s t i n g  fo r  t h e  c y c l i c  env e lop e , this p r i n t  is -i~ z e r o
s t r a i n , h e n c e  O C I J S  i s  a “ t n - - m e ” s t r e s s .  I t  i s  t r i o - n a - d I e d
t o  t r u e  s t r e s s  va l r - ; s  o a t c u l a t e  I f r o m  t~~n s i l e  land :elao ly e
to the zero load/s t ress --e x l s. Calling t h i s  s tr e s ;n  °2 P ’  w e

d e f i n e  -in e f f e c t i v e  o r  a v e r ag e d  s t r e s s  m o m ’  a r i v e n  
~ 2 

-
- o t a l

cyclic envelope

F ~
j I ‘ - )= —

~~~~~ ‘) 
— C —

Th i s v alu e o~ - t h e n  r - e p l a c c s  a i n  t h e  r i g h t  i r - a c k e t  o f  i l : .
- - cx  2( a ) .

B.  S t r a i n  ; i e i d  G m n i ; i e n t

The rc- m : r i m i n g  vnn’ i able in the cyclic growth e ou a ’n i r o m:
(30) is the ,c ’a a d i e n t  s t r - n c i n  c 02 .  I n  s u s t a i n ed  l o a d  c r - e - : - k i n e ,
w i t hout u n l o a d i n g , this is clearly to be a s r o c i a t e h  wi th he
m a x i m u m  s t r a i n  l e v e l .  h o w e v e r , i n s i s t i n g  t h a t  n-n m i x i r n u n
st r a i n  v a l u e s  be u s e d  i n t he cy c l i c - r o w m h  m o d e l , F o .  (3?),
has r e s n-nl t ci in  p r e d i c t i o n  of’  a g e n e r - t l ly  u m n n l - s e -r v e i
negative s e n s i t i v i t y  on ’ t h e  FOP rate to b a - -i r a  to. To
e r ’ f r ’ c t  c o r r a - l a ’, i o n s , we h a v e  h o l  t o  a s s u m e  t h a t  — - he e r ’ a i i e n
s t r a i n  i n  F O P m u s  be - a s s o c i a t e d  w i t h  4 h e  s t n - a i r ;  e x c u r s i o n ;
i n  t h a t  ‘o - l e .  f-1 - o t i o n a l e  f o r  t h i s  e x r e d i e r , t  i s  t o  i n c h -n
* h a t  p la s ’. i c  st  s-n i n  r e v e rs a l  i n  a n y  o m c n r n ni t the -n-rack
t i e  h a s  - h-c e f f e c t  of c-’r ni celli r ;g o ‘ h u e  t e ns i l e  s t r - n i m n
e n - l ient (at r = ‘T )• h~ new g rm e - oihc n t restore or a
v erza -l a -c ain - c ‘-cm o s i o n  s h - n u l  I re fLect only the p osh l i v e
s t r a i n  e x - - ’ ; rs  i o n  f r - - m n , h I s  “ : o - r -o i r a - s e ’’ , ~~e- t h a t  f m - c m  ‘ r ~~

19

- ---—“ - -
~~~~~~~~ - — n - _~~~~:~~: ~~~~~~~~~~~~~~~~~ - 

~~~~~~~~~



-- ‘~~~~~~ “ ‘~~~~~~~~~~~~~~~~ ‘ ------ -- - -— -~~~~~~

o r i gi n a l  z e r o  s i r n e i n , z e r ,  h a u t e .  T h u s  t , r e  r i — e q u i v a l e n t
s t r a i n  e x c n r - s i o n  A C K2 i s  o u c h  t o  r e p l a c e  t~~~~ - i r ;  E q .  t ’, ,
w h i c h  f o r  B > 1/ 3  e r u a i s  A~~2 .  The  ‘ i S O  o f  

~~~~
- Vu  -i s A 2 f o r

B < 1/3. is n~g a i n  an  exped ien in view o f  t h S f h u - - ’ ’i
c o r r o s i o n  fatigue d nii,a at hi gh S levels , to be dis - n o s e d
later.

C .  C h o i c e  of  t o r i d i ti o n s  f o r  T r a n s i t i o n a l  G r o w t h
P a - c t, o r

Crack t i p  c o n d i t i o n  s f e r  c y c l i c  r n — i n d u c e d  g r o w t h
a r e  1 i k e L v  to  a f f e c t  t h o s e  f o r -  s ub s en u e n t  e m n v i r o  n s i e r , t a l
au g m e n t a t i o n .  T h e  c o n t i n u a t i o n  o f  t h e  m n — n - i n d u c e d  g r - , w t , ln r ou s t
s un -e l y be at  the same local stress level °2~~’ 

a n d  in  t h e
s n i m n ; c  l o c a l  s t r a i n  g r a d i e n t  Ae~~~ . However , ir~ estim atin g t h e
c e n t r - - i d  n e u t r - - ; l i z a t i o n  d i s p 1 h i~~em : e n t , t h e  f i r s t  c y c l e  c u r v e ,
F i g .  2 , a l w a y s  h a s  a n  o r ig i n  o f  r e f e r e n c e  a t  the zero strn -~in ,
u r - ni i r i a t e .  I t  c a n n o t  m o v e  o u t  f r o m  h e r e  as d o e s  t h e  c y : -l i c
env -b o re , whose shape i n n  s t r a i n — e x c u r s i o n , r a t h e r  t h a n ’
m n n n i x i m n r n i — s t , r r e i m o , de p e n d e n t .  T h u s  t h e  c a l c ul a t i o n  o f ’
b r -r n A T

1 o r o i t s  a m i n i m u m  s t r a i n  a d i u s h m e n t  ( 5 / 1— i l ) 
~
I
~~l

’ ’

O t h e r - w i s e  i t s  c a l c u l a t i o n  i s  i d e n t i ca l  t o  t h a t  f o r
I n n - e n i f i c a l~~y ,  f r o m  t h e  f i r s t  c y c l e  t r u e  s t r e s s  G

l~ 
v s ”

t r u e  s ’ r a i n  c u r v e  we d e f i n e

= ( 1— R ) i~ )SL )

n f l

~~ K1 = + -
~j - t 55)

This value of 1 . is converted to A E by its insertion: Zn
E n .  ( 3 7 ) ,  be E }igneni ( b y  i n t e n - p o l - i t i o n )  w i t h  v a l u e s
ob r e i n e d  by  : n s e r t i ng  A o ; ~~ f r o m  E q .  ( 4 2 )  f o r  t h e  p u r p o s e  of
s u m m i n g  g r o w t h  r - a t e  e f f e d t s .

O b v i o u s l y  a l l  t r a n s i t i o n  fac t o r s  c - i n n - n o t be t h e  s - a n n e ,
o r  t h e  p r e d i c t , e d  C F C P  c h a r a c t e r i s t i c s  w o u ld  n o t  r h i ’ f e r  f r o m
t h o s e  o f F C P .  T h e  d i f f e r e n c e  i s  d u e  t o  t h e  s t r a i n  h a r d e n in g
r a t e , f o r  w h i c h  f i r ’ s t , c yc l e  p r o p e r t i e s  p e r t a i n .  On t h e
c u r- -n e o f  0

1 
vs 

~ l
’ t h e  val u e s  ar e  re ad as a f u n c t i o n  o f

the maxim - i nn strain value. The true plastic strain
h a r l e n i n c  G

~ , i s  t h e n  - o m r u t e d  f r o m  11, a c c or d i n g  t o  formulas
c t v — ~n ; in se,m t,ion 10 .

The en v ironrm n -’-nnta l attack effr-ct ive in one cycle is
h - i r d  to v i s i r l i z e  as a- c o n b t a n t  c o r r o s i o n  r a t e , t’ -~.

t h e  t o t a l  s u r f a c e  - r n n i h i l n r t i o n  d e p t i l a ve r n i g e d
o v e r  t h e  n ’ r n l e  t i m e  is used i n  t h e  t n - a n s i  * I a n a l  g r o w t h

20
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f e r m u t a t  i o n , ~~~~ b e i n g  ;n i l n n I . ~ L u t ’ l  f o r  V~, C,t  o f  E u . 14

S J - i i - ! A R Y  O F  t h ’diTh! F A C t O R  E O SI - I ’LJ LAS

i r e - h  t r i g s e c t i o n s c i t e  i n g r n c i i e m ; t s o f  ‘~hre Pree
d i f f * r r - e m : t  “ g r o w t h x - e t e  f a c t o r s ” n o w  c o l l e ct  - 3 .  A s s o n n e -  v
1 m e v ,  m m n e a s u r - c ’ - h  o r d i na r y  t e n s i l e, h e :  f i l l  c y e l i c — c ’ n u i l i i r i u r
s t n - s s — s t r a t n  c u r- i e s  a n d  P a v e  c o r i v e r - t e d  t h e i r  !n n c a s ’ n r ’ ’ ’ mn i’ m ’;t s
t o  “ t i n e ” v ain -n et s of 17 a - n d  as b ; n c t , i o ns  o f ’  t r ’u ’
l o n g i t u d i n a l  s t r a i n  ~~ . Let su b s c i - i p t  1 d e n - e t c  f i n - s m ,
e x c u r s i o n  p r o p e r t i e s , 2 d e n o t e  c y c l i ’  p r o r - : - n - t i e n  an n -i t / :
those selected as germ an e to t h e  t r a n s  I t i o m . - , i  s t - c - -  b e t w e e n
i r y  f n e t i g u e  2 min i c o r t s t - ; m: t , l o a m  -king i. T m , e urn *‘-cifj -

e-ruatio n s ‘ire cited bel w in ,  - h r  - o r d e r -  i n ’~*i - h i  t : - - y  gover n:
d r y  cyc - I i c ‘

~~~~ igue , ip - - l i e -  f r t  ‘ i - ; - ~- / ‘- rros i o n  a ; m - ,e n r - . i o n ,
a r ; J  t h e  s t a t i c  f n e t i g u n ’  e r r ~~z i o n :  i r  I e e - I  e n - a - k  g r o w t h , . T h e
b e - a c k e t e d  s t n - a n s  i n l i - m t ’n - e  - he  n a - t i  n m e l d e n  e n : - i = r 1 c ’,’ .

For- dn-y ~“ ‘ ‘i’ , i ’ m .  - ‘ 31  h e  - ‘ n - ’ -

t 11 
[ t p2 ( SC,, )

= 2m c1.~. ~n (i + 

~
-
~
) [-~~K2 ~—-p~ 

—

and di n-n . (37)

= V’~~
’
~T 

E~~ 1~9 
( 0 7 )

i n  w h i c h  , from idq. 42

~~K2 
= (1 — R )~ 9 + - R~ 2] 

( L ~~ )

w h e r e  o n l y  p o s i t i v e  v a l u e s  of  t I n - s q u a r e  b r a c k e t e d  t e r m  a r e
e mmn mn l na -ed

For the cyclic fatigue corro sion a u g m nn - n t at - i on , E q .  ( S o )
modified as d isc u sse d in Sec 7 .  be- n ’ m- ’- c

—l[ (o~~ ~~
‘~~ 2 f1  (8~~r r ) 

[.~~~~
K2 

V 2 A (d l ) —

ar : ’i P a .  (37 )

= ~~~~~~ 1~~c 1~1 ( 5 0 )
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£ 0

= (I R) , • ( 5 1)

lii il q ’ i r i  i on, n ; ~, ~ — 
is g iVe im - in n a fin :-~,ior of in , w h e n  I t  i s

h i i  b - r e ’  a 0 ’ - - n - I  -,i? c - m r-s ion (eye-i i ‘ ) n n - p er  y . Tu e- equt val—

C~~0 i O ,  o n ~ ? t ( E 1 ) w i t h  he - n n - r o n r i a m e  
~~~~~~~~ ~~ ca r-ri o I

o u t  t h o u g h ,  ‘i n ;  i n c ~ -’ r n - n n l ’ t t n o r i s r h u m n e t o  be  ‘ i - s n r i r , ’e ’ I i n

S o -  t .  ‘Li . i- o .n t a t i c  f i t  i g u c  ;- o r - n - o s i o n — l n i ’ i U c - ; o  - r a c k
or  - w t h  , b-l~ . S O )  b e~~e’one- , n

-‘ (52)

~~u t t - - (o~ ( i i ) 
\~~~~

h i  -)

- 

~~
. ( I I  ) ‘

K = \/ 2 ~ 1;
~ ~~ K 1 

(53)

w h e n e  r e n e a t i n c  II I .  ( 4 1)

— 
2 m -  “ Ys ( 5t , )

~ i~ i — 

1 -
- 

2v i-h ”

i’on - convenience in f , n - t i , e r  -h ew ci o n m e n t , that ror * h u n  of

e a c h  c u c w t h  e qu a t i o n  b r i n e d  f r - e m  the f u n - n o f  t h e  s t r e s s —
s t u - ; i a  n or - w e (excent f o r  m )  i s  c m a ’i l e d  o g r o w t h  rate factor

* 
, spe- m i f i  en  l’Z y

= ~~~ 1)1

1

r ~~ 1~
1

—

- 
- r (ar, ~~~~~~~~~ ( 5 7 )
— 

~
t K I ~~~~~ ~ ngJJ

A .  P r o c e d u r e -  f o r  h o p p i n g  P a r a m e n- s i c  G r o w t h  F a c t o r
Curves

The p a rametri c c m - y e s  of the f’re ’;uency —- iep ende n: t

1o r i rt , of CFCP are obtained l~~ a i l i n g  to t t L - basic growth

Art
2

, E q .  ( 14 6)  or actually a function di m’ ect h y m rcpo rtior :ni l
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no i t ~, d~ I ’l l .  ( 5 5 1 , ;;; c - e ;n s i vet 1! r - - c n n l - r i y  l - r g -o r t nn , u r i t  of
A - i

2 ~ 

, 
314 . ( 1 . 9 ) , o r - I r o  p r -  t , u t  Ii a 1 ru m ;  - - ~ . i o n  , 0 2 / ~ 

E q

5 - - ) . T I m  c m l  n mr r - - ‘ m u  I - c l

~ u m~ + 

~~“2 1 = 2m 
~1’F ~~~ + + 8~~r-1-G 9 1

1 9 ( I U ) ( i .  + 

~1
(5 ’ )

w h e r e  A - c  is the s c - h j e t - ed em - a c k gr -wth i n c n - or~o - n t .  f r -  o r e
fat h om e - a - e t c .  Since • i~ 5 L O u t  in • we fac or -  o u t  i t  em coe ffi—
ion .

— . 
I-

I ( i t Q  )
c — 

~~2 
+ T~ ~‘ 2 i 1

2 2

i m ,  nr ’~m p i n i c n  m ,h; ese r a e -- c n n - n - tri o - i n -yes , w e  s u b s t i t u t ,e  a g e o n n ” t r ’ I n
series f:r the c o e f f I c i e n t  of-’ G 2/1~ u r e c i l i c a l t ,y

( C l ’
— = 2 ~~ >c 1(Y~ O e h N ~~~~l5

T h i s  s ex - i c r  of ‘i tlues m - n m’ t h e  c o e f f i c i e n t  o h ’ S ,,. results
i n  a f a m I l y  o f  c u r - - :es w h i c h  sp a - n  t h e  r ange of t~~ser -,- --d CF”d
be h av i or f o r -  t h e  m m c t e r i a l s  r o n r s i ’ m e r e d .  For  f u t u r e
reference a pr - - ti c o l a s  m r e m m n b e r  o f  t h i s  f an  ly  W i l l  he - d e s i g n -
ated

-

19(m) (d ,  ( c e )

T h e  a - t i n  I n ;nr e r n , m r i  s’i rm cn-i t i ons of 0(5) mus be rn - i d e  -
~~~

equal values of LE I  a-nd Ac n-~~2
. This is :ccc crnp i ~~sh e i  Ly me n:

i n t e r - h o l a t i o n i  to  be ’ c le t a i l” d  l a t e r- .

° . S ’ Z R A I S  R A T E  F O P  ~I R A t K  P B C r P A G A T I Z 5

The ‘m once p 4 of su ch a n-ate ot ’ st raining inheres this
mo del li n e - logic , as It  is the mean s by  w hi ch the s t a h i l i z m nng
s t e - - i n  i s  p n ’ c v h d e c i  fr-rn -‘-ra ck gr - ei h. Recall f r o m  b”~~. 75 ,
c r a c k — t i p s t r a i n  r a t e  c o m b i n e s  e f f e c s of  c r a c k  b a - d i n - c a - n i
- m r - - n e i l  gr -s h as foll ws

23
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(It s) d 1 + 

2d-1. 
dim ( 3 1 ,

As noted e r r i l e n , the gm - m c i l e n t  st , r n i j :m c for CFCP is taken
to ‘be Ae :n ubs t i t r i m :  i n -  nt l so t In. - ‘ rank 1 r o p a ga t  ion in er -~’-~
nra- f l t . I i n  t in -  -o r; ~. e y, t. o m E n ;  . ( 2 ) , E n  . ( - 1 - ) he n - mu . e s , I ni

i t ic - ‘ mn: - m t  a t  C0 m m :

= ~ 
~~~~~~~~ 

~~~~~~~~~~ 
( 6 3 )

h~ Eu - t v -  o b r n e r v e m r :i ’ h . - - mc m ii o~ t nt .; c r a i n  r a t e  r - a t h e :-
t h a n  to _ i t L n c . n t i e  ~n - l ’ :it l a s t i - - s r a I n  rate ri ’ ’i .n n -s them o r e  ‘ i ; t u u — c o n n n i s r . ’ r :  e h i m : ’ r ~~ on o 1 e  fr~ 
i n h e r ende m - s o r t u - mi - 1 in i e :m . A - - o n - t i m ,  ~lv we  5 , - c  o rem-n o-x e

~ h . ’  e l a : ’ f  h e  st ! - n t m n ;  c - - mn , n - o n . T o  do - h i s y e

f rer - , t h e  ‘n r - i i — e-  i e 1~~~: e -  elastic c m I nn

2 -  ~(~~T / ‘ i i ~- 

1-b ~~1 K ih~~~~~~ 
+ -

~
--) c ; ( N )

w in e ra-n - f 0 ( m ’ ,) a-as b e - n :  in. n ’,e m e - or ,. - ‘ n .  ( 5~ ) a n :  ( ~°)  a -n d
is a 4 n o m t i - u n el C I :  t in exc’n r si~~n !~~o no t the

rn - u :-: i nm ; -~ ::n s t r - r t  i n : , a - e m  userl i n co an , *’ 
- ant w i t i n  E q .  ( 5 ) )  . In

o r l - e r t,o  e n - a r m - c - -.,i~~~. ; n - . a r  o f  1 ( 1 )  , ‘‘m .  ( f t ~~) c - n  be  
- Cr s’ ‘ u p - h

27i~~

~m iii + (
~~~(~~~~~ 

- 

~ c K 
(~~~~~5 )

-ti’ i- --evi ~u :e  1’n o ],c ’ i r a - n i - 1  ~ e n -  -
~ as ” . h o e  fu rth er ha t , AT

can be exaresse ’t a-s -C ftn ~ ,Ll n . n’at e 1 nor m ali zir ;~ over tb:~
cIrcle d m r a - , on

( i f )

w h e r e  is ‘Ir ’.- r - - : - io ’ i of a- ‘ ‘- b e  T of freu r :cn -c’r f. ‘11th:
thi s , ‘n d using Eq. (142). Eq. 65 becomes 

- -

/ ~~\ t - f  — 
~~~~~~ , + 2iL~ /E

m lii (1 ~ ‘ - J V ~~~~~~~~~
- - - - ‘ -  - ‘——-

“
— “—

~~~~~ 
-

,

\ t 1 / 
{mr ys -2E — 

~~~~ 2] >0 o n ly 1

This i :n :; h o w r i  mis  :n t e l ’  ( 10 ) i nn Cal. l’~ 1 •
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A . r’ r e t ,- d o s  - f o r  t - t c a-; i r i g  Pnu ma - Lin t, C- i - St  m a  i in } i ’ ~ ’ c C n ~ r ’;.-

‘10 n 3 n c p 0r; t~ i’I c
~

. ( a- ’~’ )  v - c’- s t a l l i - sh a p- e n - a t m - ic set o f
va lues for n- p / f  u:;inl’ the c r i m e ’  a -pe on ” goonmo m ’,ric seri e s anm~
for the 0 ~( Ii) map. The val u - s  u:r -d ar- n-

~ f = — - - 10 -o’ M ~ 4P 10

f o r  a map area sufficien t to cover most c-a-ag es of Cl - IF
g r o w t h .

The maps of  g r o w l  h r u  e f— c c - o n - , G ( . )  n’s tm’ , , m i n e
those of coast a - n i t  c r - c - k  a t  r’~~ i a- i -n et , 

- 
/ h  -

- c ‘i:. i n
nu per a -os ed by r e t  i g n i i n g  c o o r - l i n m a l  err . - 

t e n e h r n c i r m m c h i  n c - i c c
l,r o ’ ,h  inn ter -r: s of t i n - K , m t - ca -  be c r ; :  en - n c - i .  h- or ~h n ’ o n~r: m ,:j me
scales , we al ign ~

‘ = 1 ~~og Y =  a ) on the s” ra i n ra te  map in

accord with Eq. (65)
I

/ t j j
ii~ hn 1 + —

Alternatively the stra in rate maps may be plotted directly
in terms of G(N) by inserting known values of m and t.

B.  ‘ l a t chin g of Combined Curves to CFC P Data

S u p e r p o s i t i o n  of  t h e  c o m b i n e d  m a p  on C F C P  d a t a  p l o t
p r o d u c e s a v a l u e  of dT by the location thereon. The pro—
ced ure used is to solve the growth equations (62) a n d  (57)
f o r  a l i ne  on t h e  0 vs  A~~K map of cons tant dT. Since

G var ies (jnversely )wlth dT while ACie as its root , t h i s
line has a slope +2 on equally scaled lo garit hmic paper.
Our  p r e fe r e n c e is to  u se  g r a p h  p ap e r  w i t h  an abs ci s sa  s ca le
tw i ce t h a t  of t h e  o r d i n a t e , on w h i c h  th i s  s l o p e  ap p e ar s a t a
1450  angle. If we select a referenc e point A a 1  = 10 p m /

ret
c y c l e , A K i r e f  = 10 1-I Pa /~ on t h e  d e t a  p l o t , a co r respon d—
ing po int on the G vs AC K m a t c h  l i n e  i s , f r o m  s u b s t i t u t i o n
in Eqs. (62) and (h~~) and rearranging with dT set a t  100 ~ m

G ref  
= 

t 11~ 
( s o )

2Om th i i  + —
\ t~

1 000 -

~~~K ’ r cf 
= ( in  MP .i) (11)
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I ‘e~ 1 m m  g a r S g E l  r lie (fi ll . Ant / A S n - n  f ~ 1 I n  - U s  i ri ’ t i
‘5 : . - e 1 i i a V - e I ic  0 :‘ A K ma - I~ 

( a r n ’  oh  n , - c i -  - - ii I - 1 e ‘- h o s e -  a- j
-orr v - m i . ,nnt in : t h a n , in n a - t e E ;  1cc- u t i c a -  I ’  c o n - r e a m  m a n o n .  h - c
r~~ a r n i e  ~,0 . n ’ (in ti c: ). il t e - ‘r a t - n ,  r n i~~t nu l ::o h e r  

~oc n e t i - ~ ri o n  b’ . = K-1 1- w n i c i ;  S i - ,,uil,! c n , r r - . - s ! o n t  to t i n e  A K / ( 1— R )
i t  W i l l 1 ‘ --

10. P H O C E I I U R I - I n ’ FOR O B T A T  I N S  FI StI C i f  FL  ‘ - ‘ I - A T  A

‘The  ma nnner of p i - c n - - e s s i r g  data to ol’ t rci r : tir ’ : a-ran - ’ n ’Ic
growth i - - i t t -  r ’ a c t o m m a r - s  w i lt dec - r n : : on the ~

‘on -m o r ’ tn ;c- dat a .
H n n i c e  W~~’ i n ~Lem’ ject at this po imi ~ a brief h ’ - r n c r i p t i o n  o f  m n - v
o u r s  was obtained. Tensi1~n and full—cycle e m u l l  i b r i u n n r
t e n s i o r r — c o r m n l c - e s s i o n  s t r e s s — s t r a i n  c u r - .’ . s  of t a - c  mn ~ t e r -  i a~ ar
n e c - l e d .  10 t, h e  da t a c- h e w n  h e r e , t h e  c y c l i c  c u r - n - c  i s
obtained after an i n i t i a l  t en s i l e  e x c u r n : i o n  t o  a s t r a i n ,
slightly excee d in g tha , f or maximum load. This allows
rr , :- n ,esurement of ® e to the slightly ne r”m i t iv e v a l u e s  r e - i c . i r e - ‘1
t o  m ake  

~ l/ ~~l’ rea ch the valu e 
~~~~~ /2 in Eq. (57) . fuL—

sequent t o  t h i s , s t e - a l a - i n ; :’ is  r e v e r s e d  a -nd  i n it i a l  b c - n g ’.h
i s  r e s t o r e d .  A t  t h i s  p o i n t  the cyclic m easum -em en ~ ,
commence-a . Again the si-ecimen is extended to s l i e h t l y
beyond ma ximum load. In the fero m -ous alloy ur ’- e i here .
t h i s  c u r v e  i s  e q u i va l e n t  t o  t h e  e : n u i l i b r i u n m  c y c l i c  curve.
O n e. - - r , in the titani um alloys , f ur t h er c y n l i n e m  w I l l
1
~:ipi ca l  ly  i n t r o d u c e  t h e  t w o — s t a g e  h a r d e n i n g  e f f e c t  . We h a ’,I,
s-e ; gh t  t o  a v o i d  t h i , n e f f e c t  i n  e ar l  a- rr , :’ ’ i e l l i : cg  a t t e m n ~~- c s  ‘ uS
t h e r e  a p p e a r s  t o  be no  u n d u l a t i o n  in  F ’ T i ’  w h i ch c o r r e sp o n d s
to  t h a t , r e f l e c t i n g  t w o - s t a g e  h a r d e n i n g  i n c  t h e  G ( T i )
p r o f i l e s , t h e  p ar ’ i m n i e t r i c  l i n e s  o f  c o n s t an t “ Ii ” i n  t h e
. mr ’o w t h  r a t e  f a c t o r  m a p s .  I t  i s  n o w  a p p a r e n t  t h a t  t h e
c o n s t a n t  s t r a i n — r a t , e / c o r n - o s i o n - r at e  p r o f i l e s , l i n e s  of
c o n s t a n t  11—I- I , w i l l  f i t  t h e  d a t a  e v e n  w i t h  i n c l u s i o n  of  tur n - -
s t ag e  h a r d e n i n g .  For  n o r m a l  g r o w t h  i n c r . - c m e n t s , m u c h  smal ler ’
t h a n  dT ,  each ligament , should experience marcy strait: ca - a les.
Conse - : - oer ’e t l y ,  t h e  c o n - - h i  t i o n  of  t w o  s t ar e  h a s  t en T ng  sh o - -i ld
o c c u r  at the crack tip. Accordingly, we now rec em n ’:meni
co n t i n u e d  c y c l i n g  i n the se m e a s u r e m e n t s  u n t i l a tr ue
e q u i l i b r i u m  c o n d i t i o n  i s  e s t a b l i s h e d .  T h e  strain e x c u r s i o n
appl ied should not exceed that for the equi iibri ar- .— c o r i 1 i  l o m n
maximum load , to assure mr ; n t x imum ‘ -njurance of 1-he sp ecim en .
It is important that t,he flow measuremen ts be made -on
sp ecimen s which have not begun to frac t ure , which i s favo r-c-i
by a minimal strain excursion. The tensile specimen axis i~ c
oriented normal to the crank surface , to sinulm ete :t i~

_ l I
or ientation. —~iniatu i- e tensile specimens are e r :p ln y - o d w ith
test section d0 = 14 .32 m cmi d i n e m - 1,er an d  l e n g t h  about
13 nrc . Defor-ma tion is sensed with a diametral bi— lobed clii-
t
~,a-pe strain gage , althou gh wi now nelieve that longi tudinal
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sti -ain r mc , r n c:r ir em:n ent v’ - u l d  be m o r e  l e n i n - a b l e .  T h i s  w -  o l d
the na - o c cu r s I t y  t~~ c o n v e r t ,  t o  ‘ i u n i ~’ i t a - i l  : i r c l s ’  r i o  f o r

use in the m niodel cnc lcu l :ct iori :r p rovidi ng b et  e n -  dec ( ’ t n i  i t I o r ,
in ; i l ’  growth t ic re shr o 1- .! region. Usually sever -al te sts of
t h e  uoa - n :i e m nn :i t c rir tl are i-un to assure r e p r u d u c i b i l i t ’ s  of  h r
‘ i n ca - nt . ihe cyclic- e n v e l o p e  is h e l l  i n  the I O 5 l t l V c  l or igin .

i l n a - 1  ( n e g a t i ve  d i a m o t r n c l )  s t r a i n  r u n o l r - a- n c t m n  , as note n
e r - t i l l e r , I~~~ b etter - simulate fl -ic crack tip cond ition : of no
pote nit i ni l fom - comp r - es ur ive s t r u m .  The tw cur - v - ,cs scale
in ( em m a  of eri~”ineer ing stress a = F/A . ari d d i re rn ,” f n - : L s t r a i n ~

= A l / I 0 -ire marked at closely spared st i -ain s t a r , l o a n ,
in - - :i r~ i c u I i r~ r - L y  i n  the l w  strain r un , d /ar~ h i  gh curvij, t un ’e region s -
At ca-a- tn stat - ion , the te a - si lIe ste-e ri c- °T ari d slope do T/de d are
mnue asun - e - t and recorded. Spec ifi :” l ’’ -ir ;t rn a r -csureme nts on -na - n - i ,
c u r v e , d i s t i n g u i s h e d  mo r n - n b e f o r e  b y  s u t s c - r i r - r  1 f o r  o r ’ I i n r e r y
nc n, ,l 2 for c a - d ie , are required:

Ten si le y i e l d  s t renc t h , O ye (at O.2 offset);
E l a s t i c  d i a m e t r a l  m o d u l i , 

~~‘i l ’  0 d 0 . 2 ’  ‘ c r u d
Compressive Ultimate Strength , °: ‘JS

Additionally a value of the longitudinal elastic m o d u l u s  Fl
i on needed; one ‘n ay  n o r m a l l y  employ handbook values. T L l ~~
n e r m n i i t s  the Poisson ratio to be calculated.

F
~~~~~~~~~~~~ 1 1 , 2

n m aiues of v specific to each curve must be retr -:ine-n s in ce
t hos e f o r  t h e  cy c l i c  t oe a r e  so m et i m e s  h i g h e r , i.e. , ® dO 2<
5 n - O , l

D a t a  f o r  d e t e r m i n i n g  t h e  s t r e s s  r e la x a t i o n  e xr - o n e n t  n
is obta ined by abruptly stopping the testing machine heann ,
w i t h  l o a d  r e c o r d er gai n i n c r e a s e d  by a f a c t o r  of  10 , and
observ ing t,hn e consequent load slackening with electrically
imparted time marks superposed on the strain signal. This
is u s u a l l y  d o n e  i n a r e g i o n  of low str a i n  h a r d e n i ng rate to
o b v i a t e  e r r o r s  f r o m  t h i s  sour c e , noted earl ier. A cross
plo t of log stress decrement vs log time , p r o v ide s a s lo p e
of value m in accordance with Eq. (25).

A. Conversion to True Values

The load and diametral contraction dat a are con-
ver ted into true stress and true longitudinal strain u s i n g
the following formulas , which can be found in ref-”rences on
low—cycle fatigue techniques. T” or~ cl ar i ty i n t h i s  sec t i o n
d and 9. r e p r e s e n t  d i am e t r al  arid long itudinal res pectively.
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A s p r ’ v in u s l ~, n : : 1 ed  4 , h i e - — c a - b c - n - n e - i n  t d e s i gn a t i o n  i s  o n n u i t t e u r
n o  i, n e  V i t  y o f 0 1 , lie r I ’ m  l i n t  I - - I m a  n - “ a -  I a I on , S . TI rib sen - i  1: t e a -m.d
I ru n - re s en t elastic ni n E r n c - t i - . the -h i a j - c’rt r’cl s’, m -ai n , i S
t’ i n: rt conver t ed to “ t i - ue ’ s ’ r a i n  L e c a c m n e  t h e  t ’ o r n : , o l a s  w h i c h
foi l -w c~i-e mu -t v a - l i d  otherw ise:

+ a f ’ in  (p—) = ~ ~~~
_- j~

_
~~~) 

(~T ’ ( )

t d  in ( 1  + ( 7 1 4 )

i n  w h i c h  C d , w h i c h  i s  1h e  r n e a s n n r - e d  e n g i n e e r i n g  s t r - a i r . .

The t r u e  stress is cor-Dute d fr-n - nc t1 .e uniaxial load

P A — ‘

:~~~i 

~~ = 
( C r 5 )

0 = o~ ( l~~ €~ )

in which is the mea s u r e d  engineering stress. T h e  c o n —
v e r s i o n  of diannet rai strain to true lo :cit u d i n ’u -al s’nrain is
e f f e c ted by c o n side r i n ,c t h e n  e l a r ’ C i c  a n d  m n l a s t i c  c o n n n p o n e c t s
s epa rat  ely

= 

~d , e + Cd l )  
= + C (1~~ 

( 77 )

i n which is the elastic modulus from the stress/diametral
strain measurement for the excursion (first or cyclic) bei ni m
consi dered. Therefore

- U ( 7 8 )
Q~~~~~ C d ~~

For  p l a s t i c s t r a i n  on l y ,  Po i s s o n ’ s rat io v = 0.5, a n d

- ~~~~~~~~~~~~~~~ 
( p a )

— — m’ d ,p
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T h e  longitudinal strain is sim ilarly decomposed

— - — -) ( ° o )
C 1 ’ “ t 1 ~~~,_ 

$ t i, l )  
_‘

‘j
~~ “~~(I t ) 

-

~~

~~~ 
= -

~~ 
— 2c~ + ( 8 1 )

Since the elas tic moduli are related through the elastic

F iu rs o n ’ s ratio , Eu . (72), we c-an express Pa . (81) as

= ( I  --2 m- ,,)-~ - 2
~ d 

(82)

F i n a l l y ,  t h e  •T n s t a n t a n e o u s  s l o p e , h~~, of  t h e  t r u e  s t r es s
t r u e  l o n g i t u - i l n u a l  st i - m u i n  c u r v e  i s  c o n m ; p u t e d  u s i n g  t h e
fo ll o w ia c r e l a t i o n s hip s :

i d J ~~~ d ( 8 3 )
d d~d de d de d

r (I ( J - 1~ 1

= L dc~j 
- 

-- 

2
~~

-r 
- J ( 1  + C d ) ( 8 1 4 )

(1 + Cd) (I +

0d 2 o-p ________
= 

( 1  
~~~d ) 

— 

( 1 
~~~~~ 

(1 tr d) 
— 2d ( 8 5 )

i n w h i c h  ® d is the measured slope of the eng ineering stress/
diametral strain curve. From th is quantity, C-~ is con—
p u t e d :

- ( 3 6 )
2 d

i i  0d —
~ L i + 

~d 
— 2o
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11. e ’ i m dn ’UTER PR -SFAl- ~ FOR : I R O ( J f ’ l l  A N D  S T R A I N  R A T E  F I i S ’ I O R S

Table I p r o v i d e s  a s t  of com n .; m t a t i o n c .rl fc ’ n - n ’ , - ooa s about
w h i c h  t h e  c o m r ’ n m t e r  p r o c r~a- mni * W m s  t’ r i s h i o n ’’ ’i . En  hi r t e ’p- i , r
n inim b trr ed so that the followi rig com nn nrn - ’n t on cmi : f ’ -- cmi .’ I T y m c  —

fe m -~ ’ r c-a - e d , al hough most sI:ers sh - ’:uld 1 - - s - - i : ’ , - ‘.‘ n e - n , -
‘denerr ull y, cr ele - u la - ti oru s pe rtainn in: g ~.o f I m ’ , ,  - y n l e  r m ’

ce -lina c-v tensile E r . ,jpe m t i e s  n e r a ’ or~ te le f- o m ’ ~~~~ , - ‘  - a m - - i

c y c l i c  properties on i the e i ght.

St e r n 1) converts nominal str- :’SS t o t. - a:, : ni
extre me r-ight provides the cen :t:~o i d  n ,o r- m - . a i i z e - ,I - a - - T I c

2A
Step 2) conve x-Is to tr roe strain bar me n 1 m g ,  s~ 1

d i a m e t r a l .
Step 3) converts to true 1o n m c ’ i t u d T n u - ~ 1 ela stic 1 i’~~

plastic strain hardening.

— 
Car ry i n g on th rou gh S t e p  6~ two lists _ of I rue un - t r e s s

(01 , 02A ) , true strain hardening values 
~
, O~~) ~n- s ; e ’ on ’~

i - I — a d j u s t e d  s tr a i n  r a n g e  ( A ~~1, “-
~~2~ 

a r e  e s t ab l i s l oe nU H o w e v er ,
t h e i r  s t r a i n — w i s e  p o s i t i o n s  do n o t  n e c e s s a r i l y  c o i r . c i d e .  - u n d
in order to proceed with the addition in 1 (N) , we roust
achieve this coincidence. It would be possible to i n t e n —

on one  se t  w i t h  r es p e c t  to  t h e  ot he r , but for er -eater
u n i f o r m i t y  an d a c c u r a c y  i n  a s u b s e q u e n t  inte r-po lat ion , we
in t e r p o l a t e  bo th A~~1 and bases with respect to a thir d
s t a t i o n  s e t  — a ge o m e t r i c se ri e s wi th in t e rvals o 5 l o g —
a r i t h rn i i c  s p a c i n g  of  5~~, 

a n d  a st ra i n  r a n ge wh i ch cov er s th a t
of these materials. That operation is given in Step 7), a-nj
the interpolation is car ried out in Step 8). It is help ful
to note that interpolating for a or I) by a d d r e s s i n g  the e Sc
list results in _ values which cr 01-respond to an E n o a -~~~ 

v a l u e
equ ivalent to As / (l— R ). Conversely, if one inte r - rn --elates
on the 5max l i st , values of a and 0 would corres pon -i to
F-ad justed strain range , Ac values.

S t e p  9 )  a d d s  t he c e n t ro i d  n e u t r a l i z a t ion st r a i n  to  t h e
measured long itudinal (true ) strain. However’ since this
correct ion differs between the two sets for S < 1/3, it in ’
n e c e s s a r y  t o  in t er p o l a t e  aga i n to  r ea l i gn t h e  s ta t ions -at
which the summations are to occ ur. Step 11) specifies ~h is .
Step 12), removal of the elastic part of the strain ham -d en—
l ag c r e a t i n g  a sin g u l ar p o i n t , i s  d o n e  h e r e , a ft e r  t h e
in t e r p o l a t i o n s , sin ce l in e a r  i n t e r p o l a t ions  su f f e r i n
a c c u r a c y  w h e n  a p p r o a c h i ng a s i n g u la r i t y .

Step 13) is the answer line , t h e  two gr ow th f a c t o r s
02/1 and 02 n e e d e d  f o r the m a p p i n g ,  wh ich is specified in
step 114 ).

* Available from authors on re~~uest . j
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, t , - 1s 15) — 18) mn -e x- t: cinm t.o ‘~~ i ru l nu~ ion of ‘1 1 r u n e
tn - i ,me x t ,u liy ‘cnm g mm n n ’ n t r r J eKl . Since it is riot to be nt - i d I to
t h a t  : - ‘ a m a  n.cno her la - ta set , we c - i m p l y  - ‘ o m p u t e  a n d  p l o t  t } .e se
m c I  t h e  me a - i  i r e - i — - I n ’ :o s t r a i n ;  s t at  i o n s .  The  s n , r a i n , c 1~~ at
w h i c h  :i j, g en e s  to  l o f t  n i t l ,’ s h o u l d  c o r r e s p o nd  to  i r n  t h e
Ia t n t  n a - n t  — h

S t e p s  19 )  an d  2 0 )  d e t a il  c o m p u t a t i o n  of t h e  strain rate
n a p s .  For  t h i s  p a p e r , s tr ’ ain  m i t e  m a p s  w e r e  p l o tt e d
manually, although as time pe n -ma i ts we will com p uterize these
as well. O u r  maps were computed only for the cases F = 0
a n - I  R > 0.33 to obviate the task of producing a di f f - - r n n t
m n -u p f o r  each R level when R < 0.33. Once auton niu ted , st e - ci a
rate maps should be t a i r e i l  to the 0 (11 ) maps in a sinole
computer run foe- the exact value of R.

12. “DE~ LUDERIZATI0U ” PROCEDURE

In this model , anytensile strain har iening rate less
t h a n  ze ro , or true rate less than ~, signals an infinite
growth rate factor. This occurs ostensibl y aro ua-i the w ie ld
po int of lower strength steels , wh o -re it is associated with
t h e  u p p e r  y i e l d  p o i n t  a n d  “ d e l a y e d  y i e l d ” p h e n o m e n o n .  In
Bucc i’ s str-ess—cor ro sion crackin r d a t a  of a h i g h l y  temn ered
143140 steel [32], the trend in growth rate , -an early peak
corresponding to the low er - y i e ld  or Lude r ’ s strain , was
observed. However , we have not se en this effect in cor-
rosion fatigue data on it anl other softer steels. Pe have
n o t , in  f a c t , b e e n  ab le  t o  r e p r o d u c e  t h e  B u c c i  o b s e r v a t i o n
in SCC . H o w e v e r , in the transitional state associated with
12/ 1 .  it is likely that the up~ner yield effect ~‘n - niiI i- e
er a s e d  or “un l o c k e d ” by t h e  cyclic exercise of the e mn :ate ’r’ial .
The low er yield plateau is diminished by t h e  lo r - o l i f e r a t c o n
of m u l t i p l e  s i m u l t a n e o u s  b a n d s  [33] w h i c h  such e x e r c i s e
woul d promote. Accordingly we a s s u m e  t h a ’ I t  i s  a b s e n t  i n
the crack tip ligament. To remove it franz the me a sured
curve we follow a procedure used by Rolls-man [n F ~~. A plo t
is made of the log of true stress vs strain values fr-o n the
data sets. A straight line is fitted through the points
b eyond the Luder ’ s b a n d  r e g i on , with slope me - o n e - e d  to
de te r m i n e  n , the strain hardening exnc- nent . ‘5- ’ measure the
s t r e s s ‘T~ a t  -

~~~~ 

= 1 strain. _Th en other stresses can be
c o m p u t e d  at a r b i t r a r y  s t r a i n  c fr om

It

( 3 7 )

a n d  by d i f f e r e n ti a t i n g  I l a .  ( 9 7 )  tir e true strain hardening

ol =

~~~

-

~~

° (-~-‘j~ ( 3
~~~~)
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1, 0 

~~~~~~~~~~~~=— ( lOO k ‘I X-65 STEEL n = 2 ~~~~~~~~~~~~~~~~~ ,_—~

0.2 - —

4%

___________ I - I ~~~~i I I
1 2 5 10 20

STRAIN 2E D (°‘o)

Fig. 3 — A straight line fit of mi logarithmic plot of true stress vs strain, of
slope n , provides an equation for use in the Lüder ban d region of the me-
dium strength steels of this study
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Fi g. 4 — The “d e-L ilderization ” procedure includes (a) stress-strain curve for
X.65 steel with upper yield point in first (quarter) cycle; which (b) con-
verted directly to growth rate factor maps shows singularity ; whil e (c) con-
verted via equation from Fi g , 3 is continuous ; whence (d) combined front
from (h ) and rear from (c) provides G (N)  map used
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Fi g. 5 — Combined growth and strain rate maps for X-65 steel: (a) Growth
Rate Factor , N-ma p, from Fig. 4 , (b) parametric set of lines of constan t
plastic strain rate , M map, in coordinate s of (a),  superposed in (c) ,  whence
segmented curves of constant strain rate /surface attack rate N.M map are
drawn
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Pl ot .s ot~ this sort an- - sb n wrr in Fi ’ . ‘3 f o r  t h e  t } : r~:o st e o s
of the n-resent study , in order of ul e - r € - a s i r n g  s’,ro- n; g t h;
t~314O s n e e l  temp ere-l at 1000 ° F ;  5N i  s t o o l ;  an-I -1— 55 l i n e —
pipe i-arb or; s t e e l .  T h e  resu ltim i - s (t) i - ’u~-- ri m nr ~

-- tm- ic curve
set for X— t: 5 is shown in F i g .  t 4 , c In -n na p n u r i n c  the ~~~~~~ ouche n ’
set with that from E q s .  (81) a n d  (8°) I - o r an me = 0.25. The
n- esult of this is the “hy brid ” set~, the front ~- n d  of the
n o r m a l  plot joined to the back coIl of ‘he 000s 5,i U t  ye
equation mn - n o. It is fortunate t h a . for steels , whi ~~h ar -c-
p r o n e  to delFyed yield effects , the pa r-aboli e h ard c-ni n~’
rule , Eq. (87), generally fits rather nicely ‘ u n n i ind e e -I t h e
t wa-a sets of 0 (N) curves superpose c l o s e l y  L ey ~~n i  t1 r e
LUde r ’ s s t r a in r e g i o n . “N ” values for the par- m etri c com -vo ’ s
are noted thereon.

13. C O M B I N E D  G R O W T H / S T R A I N  R A T E  M A P P I : ; S

The  “ d e — L U d e r i z e d ” X - 6 5  provides an example for c -no.-
bining the two maps. Fig. 5, lower left , shows a Par- c—
metr ic strain rate curve set for this material .
The lines of —l slope toward the top reflect dominanc e of
strain rate due to propagation , t3a co ntrol , tur- n~ing do~ire w a n - :
a t low p r o p a g a t ion r a t e s  w h e r e  t h e  s t r ain r a te due t o cra ck
l o a d i ng ~K controls. Th e crowdinp- ofthese lines to t h e
r i g h t  i s p r o d uc e d  by ded uc t i n g t h e  e l a s t i c  st ra i n in
E q .  ( 6 1 4 - ) .  The  “ d e — L i l d e r i z e d ” G ( 7 )  map  f r o m  F i g .  t.

s h o w n  at u p p e r  l e f t , w ith the two sup er posed  a t c e r e t r m e L
r i g h t .  It  is possible now to form a third set of p a r r —
metric lines by joining the upper—right to low -n - - r— l ef o
t r a p e z o i d al ap ex e s  w i t h  di ago nal s , as shown in this fin - n ’-e.

A. Curve s of Constant Strain Rate/Surface Attack

The  s i g n i f i c a n c e  of  t h e s e  l i n e s c an be exp la i n e d as
fol lows. They represent lines of constant (1— li (or — (N—: i ) ) .
R e c a l l  f r o m  S e c .  9. A .  Eq. . (68) t h a t  t h e  strain rate rara—
m e t r i c  l i n e s  r e p r e s e n t  c o n s t a n t

2~1
~~

e-
p ~j 5 ( 9 2 )

w h e r e

— 
cp

- T
wh i le t h o s e  for g r o w th ra t e , Sec. 8. A., Eq. (61)

8~~r- ._____________ = 2N x io-3  ( 9 0 )

2m dT ~~ (i +
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Di ’ i - h i n - ’ (9- ) bnr ( c ) q ) ,  a m , d  p e n r ’ - t ! ) ’

- 100 .) \1 \
\r 1 ~ - / ‘~~\ (°l)

in d 1- t i i  I ~ —

T h i s  n mne ’ t n u s  t n i e n , - h a t  l in e s  o :  c o n s t - n t  1 1 — U  -u r - o f  c o n s ’ a - m n~
no in ; 5 m, I c 5 t - r a i n i n n  ,- r ~ mm mi ’ mu L r ~ l’i I, I 1)’ ‘ 0 t , he a r f a c e  a n n  i F —

lat ion inc r - € -mn-o rm m , or n i l t e m - n a t i v e  l y , or ’ c ns l,an ), no lastic
u- trai t ; rate r e l n i t i we to s u r t - r c e aren ih i lat ion rate . These
t-~o nnunmnm ers of - l es - - r i  ~— t  ion m u r e  rh ‘imghi t to 1. relevant to
the two frequency — I m I e p e n - h . - n i tn 1 0 - :  o f  t ’ FCP -lata , r~-sp ect—
ively : of the -ui r gi’ wth -curve; a n - h  of the onset of
n i . ; ,~e II CF a u , ° mnn e n t , a - ’ ion wi ~h resp ect to frequency. Dis-
cussion on t h i s  r o in t w i l l  n - i l - -v the case studies.

11.. PRdC EDNH E FOI- - ‘‘5-’F AP ,IUG UAI~5 TO D A T A

dove rm u l sets on ’ fFCP -l a - ta w ill now be conn up ared to t In e
m o d e l  i r e l i - o t i o n s .  I n  each c a s e  data sheet provides a
tab ul n -’u t i om e rrom o r - m i n i a r y  and cy— - li c stress—stra in curie : -
T h e  data h a s  been n r ’ o c e s s e h  t o  o b t a i n  t r u e  l o n g i t u d i  n - ~ I
values to facilitate c e r n s - n r i o  - ‘ n e w I t h  da t a by n o m — d i a r - n - n - a r n u l
s t r u m  m e a s e r r n m s e rm t nm , w h i c h  a - r e  t h e  m u o r e  c u s t o m a r y  ( a n - I  nn
f-a-~~ t o  be m - n - e f e r r e d ) .  -- ~~h e r  necess -ur :r a n d/ o r  ‘m c e f a l  i n f e r —
c i a - t i  •n - mr t h e  nn raterial is also tabulated. The fi s i res ar-
-or r ’un oel to show the combined pam-a -m etric curves of ~he U
series , It series , and 1 —1-I series n o r  erich F—level on t h e e
l e f t .  ‘ t h e n  the nearest fittin g i n  U , and U—U curves are
Iraw one the - “ F t P  d r ~~ta- t o  tho r h - h f . Functional values
estirm r ’ite -I to best f i t  the Ia -ta are recorded -n t h e e I — c a me
s h e e t  as p a r t  o f  t h e  r e s u l t s , w h i c h  1 n d - n - h e :: a l s o  t h e
v a t n e e  of dT rut the ma t ch p o s i t i o n .  The cha rac t er i:,, r :g
in -h ex c s are reduced: U value to A r -  -un 1 U— U ~~0 

- 
‘ ,~ “A rmusinc’ Eqs. (90) and (91) res nol n - :- t i v e t y .

5. It IEL O R i A U I Z A T I O N  FOR TITA NI UM_ 6Al_ t o ’,’

T h i s  a l lay  h a s  m - - - c e i  v ed  ma r c h  - l i F TS e v - i l ’m a t  i o n  b e c a u s e
of its extensi -.-e utilizat ion in aerospace a p p l i c a t i e n s .
wi t~~; atten d - tnt cancer- n for eno-ironmen tal de~~ra -h a t - 10mm . Thus
w” have a van e ’ o f resn olts to model.

A . Irv ing an I Heevers , V a c u u m , H — e f f e c t s , H i s .  6

I r w i  n r  a n d  B e e v e r s  [10] co nni n- a red C F C F  d a t - a  for a
m i i i  — - I n u r , e a l e d  p r o - h u n t  a - n d  ‘- wo s r e ci  ai h e - i ’ treatr- r—n ts . The
n’-rar eni sj t ic c - n m r d i ’ i o n , q u e n c h e d  a n d  t e m p e r e d , I n  o n l y
sl i ght i~r har r ier than the cmi  l l— a r e neea ied mat -n - i a - I  from F i t : —
geral— h and W’c i ‘nr c - h for our tensile d a t a .  T h e  co rm- ela ti o nin
of 02(R) vs u’uc ~~ p l o t s  fo r  their H-level: 0.12 , 0.35, 0.61
is fairi’r nnuti s f ’ nl - tory , m i n I  their observed R— i n s e m : s i t i v i t y
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-d~ iv~- H 0.~~’ 1 m m  - n , t e - i .  U n i v  ‘ F ’  b a - s i c  ‘; 2 ( F )  p l - ’. i s
- n - own h i .  - nu .m : -  ‘ - i r e  ‘- tic ’ 1 - n n c  u n-n ; - - a l  e - - n o ’ c t I s t b me e rn I,

a- . ‘- ‘ t , e’ - i ’ m n - n d  d e l , A i r ’ l - :— o - n ” :t - , ’ s _  F ig . 7.

F } ; i s ~~ i n t t - ;  ( H e ” . I l i )  ,— n ~s ‘ii, c a - i c : ’ n m - t h e  t o m - - t i m . , -
i i ;  ~‘ i . l c h  ~ u’ ~ o - u , - - h ’  t o  t n n a t .’h  i t  ‘,- : i n b  e , , r i s t - , m n t — d  c u r e s .  A t

- - a - s U n u p ’  i — I - I  = ‘ I  n u l l  n n - i n  u t i  f : at u : e s  :n ee mn u c - n } i ’ e r e m u t .  —

m n : n i n :  n t - c  s p a - a n n  I ’ O m ’ F — l e c - t ’ I s  c O ’ , e r i m ; i n  t h e  - 2 o f  t h e  ea t a ,
t o n  ‘ o - -_ v oi  e x t r -c ’ mU o ’:r - e~~- a - i ’ m~ n o t  e v u - r y  o n e , as  : t ; d 1 ’:a t e :
o n .  F i ~~ . ‘ . h - o r  n b c  h I ghes~s L o a d  i- u t  I s , H = -3.9 b l u e  I n a p s
1 1 e n u t  t_ h ;  e cx : -  n - - me l o w  “~ n :- mm I r 0 n ’ t r ai fl i-ate mt a n  o- i n  I —

l o in - her- c t i m e  p a r : u m r e t n i . :  S n ’ ’ ,’ . no  m - an ;  U — 1.5 seenni s to
t i ’ , the ;aba . A c - - a  -b e r - n - - -- d i - - t i o n  i n  ‘ h ’, s  r’i-Hon r’- 1a ’iir es
0:-n - ‘ - ‘ - n : e m e -  m m s i t i - ,- i : y  a n n u l  - ‘ -ru rac y in t i n e- y i e i - J  e m ’ n~e, ’ ’: ori
of t h e e str e ss—s Sn , i n  c a - r i c o  * ‘.- ;n - i i e n -  inn l’~’cs i nng 1’ , our-
I : ’ C ’ : e - ’ r  ex i . -r : nnn - ’ n o t a l  t o - ’ r , o i ’ I ’ i r . 11 - - a ’ ’ 1 .c l e n - s , a }~e T n - e m e ’~n ,
f r -n i l - _m m  i - m e n in the AiKq

~.b 
n - - d i m ,  i s  ‘~ u i t t ,  .t ;do ;r agi n’l~~ .

-
. P ’~- t L i  , l W - - n  f ’ m . r’. y - ~~ -r  - n c r i io e~ ’ r  n e - , II- ul W ater (IF-U P ,

F i g .  8.

A g a i n .  0 5  ri fT t h e  :1ev ia ’ -’; e’ r mc n I n e  F t z g e r — i l d  a - C u - h

‘,-ie i s - a - m r  b- , t h i s  a-rita [1~ 1 1 l I n e s t r - ,a~ p a -  t h e  1ev - I l  n m
“ S t a g e  I L ” ~~r u — , t i  wi th -v c ]e - i n s , w e l l n n n o - J t l l o - - n , an - I  a

m a - n e t - a t  c l v  “ m e w - a r t — b a - m k ’ t2 n t r - ’.- p r o f i l e  o f  on set o ’ Ab a se II.
T I n e  e r o s , : o v e n  o f  mur v eur if l  t m - u n s i t  10 ’  f r :  t a - g e  I T  d r e r s
down . i’ m - - ’- , o r s  to the ab h o r o n e  toe t , I’d , lim It cor :’es—
r n O f l u 1 n g  to :1—1-1 = 15 is e:-, -c ’~r --l e d . An — I - ’ ’ o f ’  +~~~, ‘he sa n t e a:
w i t h  the dci - I - u - - t c - n  t i u i :m a l L y ,  a p r - - a r c  t o  f i t  the a i r
d a t a -  a - i -I e st ’ tb l sh  an  1 - -w ’ — L - u r ; i ‘ ‘ n o c e l o t - e  for the e “ n a m e  II
g r - ’ s a h u .

16. - I U D H L  - D R G I U I A A T I U I I T H O S e  T I — B A ’  — 1 U i — l ’ ,’

T h e  m- ’~ enial f-a r our m e t  - e s - s — s t r a i n  c u r ve :  v - u; m e t - t a  l e d
fr- n-n the mnl a a e ‘msed h’y  -I -:y re . P - u r c i ’ s s r ’ : o l m - -- - n s v u - n ”  a l s o
fr - - n m , t h i s  heat , al-sic in -ovided to i-in by  “e’- ’r , .

A .  I-Ie ’m e ‘ a- lilassi c Um 1s e of Ci’ ‘5 , ‘r’n’ s. 7.

I- eyn ’ s w m - r k [3 6 ]  was fin - st to -show the n c :w— f - t ”ni i an-
rre n u-I i r ,  C F C P  behaviors. The Stare II t }:m-e :ho l- i -“ ; - ~ - a - r s -  t D
be d e f i n i  C i  by a constant N— I-I = 13.5 c n ’ o u r , w h i i ” h  I i  f f er s
fr ~ - m the sub senn iront B u r c i  r- e su i 1 .

B. B u - - c- i R — e f f e a -- t s  i t ;  A r g o n  r i n d  Salt Water . F Ie ~ . h O .

Bucc i ’ s gr- --w t h r a t es [~~~~1 4] s h o w  r i m e  n o n  — t r u - n I  i n  ,-‘t’uSe

II u m r owth latea -ms with inc i - no-i sin g H , an a ’ ‘-r u cml e of  - h’~
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model. The “ m - g ’ n n d~u f m n  ~ut  h ’ O t ’ru R = O . 0 ~l an-I 0.50 , all t h a t
i n n  n - m ’n l i s b n e d , u m matched b y  t ho u - a nio n - i — b-I = 10.5, a t i c - I n  in:
t h e  s nu nm e v a l u e  as t e r  lI n ’yn  ‘ s ‘L r i o t a .  T h e  i r u t e r - a l  a - r n i c —
l a t i o n  o n ’ t h e s e  c u r - - c s , u s  m ine  t i g h t  o - .’c r l a i  Ic - o r - i- i ’ : T i —
6Al— 1 ,V (F ig . 7) in ;  e :-n F- m ’ e t e d I I  t i n e  N — U  fez’ t }n C  g a - S d O u S—

en v i rcimmr ,e n t effect , is h i g h , as ap i -ea r s ‘ 0 h e  t h e  c-- a n n e  h e r ’ : .
The  o n s e t  o n ’ B u c c i  ‘ :n s n n u g u -  II growth m m pp o - u n -s u n l in- ,i t ” - i b y
an U — ‘~ um on t o u r  , m m: n o t  c-h I n p i i n s  ‘. e a - - I  I , h e  Co a’ u r - a- I c- cm t, o’i n r o t —

~ ( G ( 1-i ) ) curve nor Ii 10 . 5 . T h i s  - :  m e t  Ti I s e :-n t n - - m ’ :’ : ci cr 1 - i c - n i l
01 ’ in n s - d e l  r n n i i ’b r a t i , - n ; , i t s  u i g e s ti o n  p r c , v i d i n i r ’ m a n y  i n . s i g h ’ . s .
The i r r e g u la r -  e x c u r s i o n  f 1 - -v  I-I s e t s  o f ’  t h e ’ -  I~~,/  m u eL , me I

m . I . t n - i i - u t ” I  1-0 i n a - ’ c - e r a - r y  in  - ‘ -r n ’,’ r l  ing d .i a - m m u e n a - I ’ to l o m u p i —
tudinal onrtn- a i ns i n  t h e  r i - g i o n  n u r ’ o ; r u - i  a-c e l m s ’ c i l m m m i t  -

This is another re - n,son ;‘ c-- r favoring l o n g i t u d I n a l  str a in
m e a : u n - c - m n n ’ t n t  s m’~ r these no n - c - I  L e t , i o r n : n

17 . I-IU’DEL ORIAS IZAT IO t FOR AL U i f l h J I - t  22~~- .’ — ’ , 85 i

A. Unangst , Sh ih and We- I [35], R~~c - f f e c t :;  l t n
t ” l p .  11.

This is the only a l umimn rmt n n -nil y ~~f l C i ’ 4 n .  i n n ,  - ba n
s t u dy .  I t  i s  i n c l u d e d  t o  s h o w  t h i -  one ,-m ua - e -,u h i  o rb  a”  m a w ’ .-
b e e n  u n a b l e  to  m o d e l  s a t i s f ac t o r i ly .  -I c h e a v e  m e r c - ” e r ’ :” m l l ”
m o d e l l e d  a n u m b e r  o f’  o t h e r -  a lum: :  i n u n  m u l  l o y s . Th e  n - c a n - o n  m c -
t h i s  e x c e l t i o n  i s  u n k n o w n  t o  u s .  The  FCP d nuta - i s  c mr i o unm
in that j t  appears to exhibit n ’ deti nabl e c ’ rn s u ’ II n- -c -mica .
to connect ‘he FCP data to the Alt il

~~ 
r e g i o r , .

18. ToDEL ORIAN IZATIOU’ FOR FEFIROVli ALLDY :I

We reanalyze by the Present m ethodology rr ~ev io usl 1.~
p ub l i s h e d  U R L  d a t a  of K r a f f t  ‘n d  f m - i t  F [ t i  or  -,~~-0 s eel
of f o u r  tem m- ers. To continue the coverage to i wen
s t r e n g t h s , C F C P  d a t a  on a 5U i  me ’ eel a - n o d  c a - r h - -n  s eel lin t - —
p i n t e  h a v e  been analyzed.

A .  14 3 14 0 / l4 0 0 ° F T e r m u - e r , C F C P  u l a t a , i-’ig . 12.

A satisfa rto r- ci m at- n h , an - I , for the fir st. t i m e , a
r a t i o na l e  f o r  t h e  ain data win  F —C r: I-I — Il = 1 ~

‘or a 1- -w er
g r o w t h ;  r a t e  l i m i t . .

B. 14 3140/600°F Tem ’ r  UfCP , Fi g . 13.

He r-e again , ‘u r ”t n m n n a b l e  f i t .  The l-li 7 l, or ;’  d a t  a
of I’nllapher [ 3 7 ] ,  inserted , i s n f ,  qui’.e as sic- v r i m e  the
p re ’z;ct ion for this m a teria l , althoug h it ni n - rroaches it.
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C . U 3l~0/8OO °F ‘I’ emnn r er ‘ 1 - O F , F i g .  l1i .

how with mu I ;  ef fe ct rm icc - nm m e e v ei - m., , tI n: (:1— I - b = 11.5)

ai m - 1 : a-ni 1- i s  s e e n  t o  t’ a s h i o i;  t h o u: l- w ’ -r - l i m i t  c u r - v - c -  of
:‘r e m n ; e m n m ,- y  :le’p e n d a - r m n t  “ c o n o s t : o t n ’ ~ I i ” p r - o a t h .

P .  U 3~~O / 1 Q O O ° F T e m p e r  Ui - li P , Fig . 15.

W i t  ii  ‘ h i s  h u i g h u  d e g r e e  of temr - er in g , the e upper yield
0 m b  e f f e c t  ire :- - - s t o r - - d .  I n  t h e  ‘u r a i y s i s  i t  h a s  beer; re—

ra n -_m ed by the “ Ie~~In iI eri zm .it i on ” po’~~nedure me s cribed earlier.

ii. CFCP da t a - am ’ ta -li agh en- a n d  i-i mm - - i er  [38] aro u of liar-es
a-rod (Woo l-n or , [ ‘ ‘ ) ] ,  on a , ‘ eel , F i r, . 1’. - .

c - n o i re mm i n e 1 a - : ’i a1 i s  n cir ’ b , -a -r a - t - o L - l c_’ in  s a l t  w m e c e n ’ , h a - t,
a p p - - u r - o m : t l y  s ot n e ah a t  su s c e p ’. I b l e  to  cx - s m e i v e  c a t h o l i c
p o l a r i z a t i o n .  i l e c a s s e  of ~s l ’cw s u s - ,- e m t  I h i l i t 1 . ’ , re lati-cely
l o n g  c y c l e  h i m - a t  i o n s  v -re ru - a -a ired o s c - n - v a m e a s u r a bl e
e f f e c t .  “ D e — L ’ i h ’ c n i z a t  i en ” w a - n m  n ’e q u i r e - l  h e ; -e

F .  x— 65 L i n e  P i p e  C F C F  D a t a  of Vosikcvsky, Fig. 17 .

The - - n i - y es , sh o w n  t o  i l l u s t r at e  t h e  d e — L l i d e r i z a t i o n
n o r ;  I o n n - -n~~n c - a ’ s m o p p i n g  i n  F i g s .  2 , 3,  a n d  14 i s  - o v e r l a i d
V osikov sh y ’ s da t a [ho] i n  - s a l t  w a t e r - , and  in  s a l t  w a t e r
w i t h  a closely ca -ia -pled z i n c .  I n  the salt water the m atch
1:; fa in- i c’ satisfactory . However’ , with the zInc co upling ,
t h e  air—line profile prediction lies at higher g n - c m w t h  r a t e s
than mem -’osure ,l , wh ich then is also higher than the liosikot’—
:m-n ,’,’ air data - , root shown . Vosikovskv employed a t ni a n e r —
a-jar, rather than sinusoidal , load ing waveform. If c--n e
w e r e  t o  c o m pe n s a t e  f o r  t h i s  by c - e d u c i n g  t h e  v a l u e  o f
Z n ( l  + t~1 / t L )  by a n ’a et o r  of t w o , t h e  m a t c h  w o u l d  be  sr e an I.’
i m p r o v e d .  H o w e v e r  t h i s  s t e p  i s  questionable since FCP -lata
on s i m i l a r  steels u s i n g  s i n e  w a v e  l o a d i n g  i s  c o n si s t e n t  w i t h
‘h e  V o s i k o v o h y  a i r  d a t a .  A l s o  i t  is d i f f i c u l t  to  under—
s ’ a r o - I  h o w  t h e  t r i a n g u l a r  w a v e  f o r - r n  c o u l d  h a v e  b e e n  m a i ne —
l a T h e d  at  t h e  h i gh er- loading frequency of the air data.
Rega rding waveform effects , t h i s  m o d e l  h as no e x p l a n a t i on
f - or  Vo s i k o v s k y ’ s ob se r v a t i o n  of re d u c e d  CFCP r a t e  w i t h
suluare wave loading. Her- c a greater value of 9,n (l + tH /’tL)
would be expected , leading to an increased CFCP rate.
Pate nt of Dawson and Pelloux [8] on Ti_ ,c A l_ 6V_ 2,5U does in .Leed
show the expected upward trend.

It should be noted here th at it is not anticipa ted
th a t  t h i s m o d e l , as p r e s e nt l y  c o n s t i t u t e d , will be anopl, i—
cable to CFCP in softer alloys. This limitation is assoc-
iated with greater spacing distances between strength—
c o n t r o l l i ng mic r o c o n st i t u e n t s , so tha t these distances
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b e c o i n n e  o r - - m n n p a o ’ a b l e  t o  t h e  si  n r c  of  t h e  ‘ r r u c m , u r -e  n - n’ - - ii :: Z e n : ’ - ,
dT .  In m i l l  ste ’-l , th i s  is a s so rimo ’ ’ r - I v i t h  c o n u t r o l  -o : ’ f m ’ - :’ —
l u r e  by  p r o p e r - t i e s  o f ’  t h e  m a t r i x , a l p h c e — m ’ e r r i t e  i n  ‘ F i r m

f i n ~ -~ t ,h e  f e : ’ r - i t e  i s  s o f te r  -‘i T  I m oor ’,’ - h a - m ’, j l e  t h i n ,  t h e
o n e - n u l l  nn omu t ’ m’ia l ir n c l udir; p its st , n’ ’:m: ’ r h : e m : i r u g c a r - L i - i - a , ‘ n . e
;‘ m - a c t u ; ’ e  resistance te m n - h s  to be i-n t - eate n - than l’ ne - ,I :- t ’:-.l f r o m
i-las t, i c f l  - -i rne mls ureme mn s on ma .‘ro—s p eci rn e r n s a n. I c h  c-’
the ie ’-r - all ra ther t-;an nn :atrix n - n o r - a n T i  l en: [hi].

T h i s  model has been set up w I t h  no c-or r - ecti cn for c - n a  n o
clos c o r - e et ’ :’ect s . It does a ne m i c -er t h oru t i n t r o d u c i n g  ,:u-h , n u

in l ’lcme nc --e c- :uld n j c - o v i d e  a k -loser l i t  n o r  - h e  sof’,er- steel:: - ‘

n- a - p ar - n a--il her- c . This i s  a i n o a t t e n ’ (‘ o r  f u r ’ ’, h e n - s t u  l y .

1- . :W I-iI - I ’, l - - Y  G R A P H  FOR “ O R I A U I Z h ’ D ” DATA

It is proposed that a great deal of inf -o n ’m n : a -. Ion at
nI Fc -’P behaviors can be summari zed in a sirisnale , yet hi~~ioly
definitive way once the three modelling :a- n~arrie’ t :n’me are det—
e rmn oine d . The gras— h of A r T vs cy c le t i m ’ n - ’ , F i g .  18, c-h~~wr: ‘ ‘rue
degree of frequency—dependent cracking. -henerally in me te-
r i a l s  f a t i g u e d  at AK l e v e l s  b e l o w  t h e  K l s ce  thr resh a- l i , the
.‘ r T / T  curves should eventually level out as 0. The
:‘:—65 and  5 U i s t e e l , both of this ,Ie scri mr tion , app ear to be
so l e v e l i n g .  T h e  v a l u e  of th e A r~-~ c rossover rot the one—
second cycle ordinate is a measure of ‘

~
‘
~~‘ 

tin e surface
a n n i h i l a t i o n  r a t e .  C a s e s  w h e n - c V~ has been ieten ’rtined fr-: ::,
str ess—corrosion cracking measu r-.:ments can be associate -ni
with the one— second crossover point as shown on Fi rm . 18 far
T i — l i — i — i  f r o m  S u l l i v a n  [ b 2 ]  and  f o r  b 3 ) -n O f r o m  R e f .  [6~~~~ .
l’a lu e s  of t h e  s i z e  and  s t r a i n  r - a t e / c o r r - a s i o n  r a t e  p a r a m e t e n - r e
are shown in Table II. It should be possible to reconstruct
and  e x t e n d a n y  o f t h e  d a t a  s e t s u s e d  he re , and presumably
others , w i t h  t h e se f e w  cha r a c t eri z a t i on p a r a m e te r s , pi-a-s
app ropriate stress—strain data.

20. 1--IODEL COM PARISOP WITH POOK’S AK TH (R) COLLECT IOM

There is considerable practical importance t o  t h e
q u e s t i o n  of  t h e  load  r a t i o  e f f e c t  on the threshold for F-7P;
i n fact there is some question as to whether one exists.
The  w a y  t h i s  m o d e l — a t t e m p t  h a s  e v o l v e d  w o u l d  s u gg e s t  i t s
ex i s t e n c e , i n a sm u c h  as a t ru ly  e l a s t i c li m i t of the ma t e r i a l
ex ists. Roughly the model predicts a minim um threshold
v a l u e  p r o p o r t i o na l to  a~~3/2E at H = 1, t h i s  l i m i t  d im e to
the centroid ne utralization effect. I t  r-eaches a value
30y3 /2E at B 0 when the elastic yield strain has been
a d d e d .  I f  t h e  v a l u e  of d T i s  k n o w n , t h e  t h r e s h o l d  c a n
i n d e e d  be d i r ec t l y  c a l c u l a t e d
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Fig. 6 — The minor effect of load ratio R on FC P rate in vacuum is
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Fig. 16 — Two data sources on a 5-Ni steel are compared with a G-map for
a low R-va lue 0.1. In both cases the lower bound is matched by curves
of G 2 only, indicating a negli gible effect of the air environment. The upper
CFCP rate bound and transitional cur ves are as in preceding figures.
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Fig. 17 — CFCP data on X.65 steel is roughly matc hed by G.maps developed in
Figs. 3 , 4, and 5. However , this strength level is though t to violate the lower limit
of applicability of this model as presently constituted without reckoning for crack
closure effects, and/or microstructural vs dT size effects.
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x SNi STEEL GALLAGHER & RYDER
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T X65 VOSIKOVSKY

- C I DENOTES SCC DETERMINATION
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CYCLE PERIOD— i ISECI

Fig. 18 — Data organization is proposed in terms of this log plot of ~ r T vs
cycle duration r , plus the ~~

f
p
/&T 

values (N-M indexes) defining frequency
independent limits of Table II. Here the one second intercept is compared
with V~ estimates in stress corrosion cracking experiments. A 1:1 slope de-
notes constan t V~ .
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~7 rd E(~-~ 

- - ~~~~~~~ (0 .)

~~~~~ a trend l i C 1 0 e , nc O n C l i O l - I l  w i ~ .h  7 e : I r e c t , H—~ 7~ l, H = 0
C -n~ I C e d  i n  F i g .  1 - I w i t h  th e  1 .’xt- :n~~ive tK 0 or 

~~~~collection of Pooh [hi]. Tis .’ Pook d t a  is rl u r!, l l l i ze d  with
respect to the 

~
KTH i n t e r C ,- e o l t fl:, : H = 0 of ~. regr-:ss~ D fl

li n e f i t t e d  t h r o u g h  h i - s d a t a  -- ‘ l o t s .  ThiC is ~.1 O f l l o  to
r e d u c e  t h e  er ro r of  n o r 0 0 1 A l i z : n g  ~~ a s in c l e  r : e u n - u r e n ’ - n t
value. Alternatively, one TCIg h t  n~~rmalize to T . })e i n t e r -
c e p t  at s o m e  i n t e r m e d i a t e  R v a l u e , such as H = 0.ll w : ,~~r~:
t h e  c e n t r o i d  n eu tr a l l la~, i o n  e f l C - c t  v a n i s h es  i n  t } 1 :s  m- ’. Ci e i .
A l s o  a t  h i g h e r  H — l e v e l s , e f f e c t s  of c r a c k  r e c l o s u r e  a re
expected to cease. This mc’del does not include reclosure
effects explicitly, exceet t ,h a t  due  t o  t h e  c e n t r o i d  n e u t r a l —
i sation effect. In general the model p redi ct ion is not
i n c o ns i s t a n t  w i t h  P o c k ’ s -

~~a ta .  F r o m  an e n g i n e e r i nc  “ i e w —
p o i n t , h o w e v e r , i t  i s  d i s c o u r a g i ng  t h a t  none of P o c k ’ s
m a t e r i a l s , wit h the possible exception of h i s  60— -S i - s a s s ,
s h o w  a t r e n d  f a v c ri r g  t h a t  e x p e c t e d  f o r  no e n v i r o n m en t a l
~~
‘fect , the vacuum line of Fig. 19. Is there no all -p

.ondit ion , h e a t  t r e a tm en t , etc., wh ich obtains an H— in-
sensitivity for the air environment?

21. M E A N I N G  OF STRAIN RATE/ PORROSION RATE ~,‘tP J A T A T l - f Y

T h e  m e a n i n g  o f  a g r o w t h  r a t e  t h r e s h o l d  c o n t ro l l e d  ~-y a
f i x e d  r a t i o  of l o c a l  s t r a i n  sa t e  t o  s - o r f a c e  c o r r o s i o n  r a t e
is not altogether cle ar. The data ‘base is lins ite - i an t in
n e e d  of  f u r t h e r  c o r r o b o r a ti on . H o w e v e r , assuming .hat
t h i s  w i l l  be f o r t h c o m i n g ,  i t  i s  i n t e r e s t i n g  t o  s p e c u l a t e
on p o s s i b l e  m e c h a n i s m s .

T h e r e  a r e t w o  t h r e s h o l d  c on to ur s t o  c o n s i de r. T he
u p p e r  one , t h e  l o c u s  of S t a g e  II growth augm entation ,
could well be a rate controlled process. Here one might
re ga r d  t h e  s t r a i n  r a t e of t h e  d~~_ 1igament as a means of
p r o d u c i n g  f resh , n a s c e n t  s u r f a c e , by the emergence of dis-
location steps at localized regions at its surface. The
ra t e  of s u p p l y  of f r e s h  su r f a c e v ia t h e st ra in  rat e t s
a u g m e n t e d  by t he env i r o n m e n t al a t t a c k , wh ich m d -i ces
g r o w th , hence strain rate. But this appears to be a stable
proc ess. There is a self—stabilization inherent most
co r ro s i on p r o c e s s e s .  C o r r o s i o n  p r o d u c e s  i n e r t  w a s t e  pro-
d u c t s  w h i c h  t e n d  t o  s e a l  of f t h e  su r f ace u n d e r  a t t o ck ,
h e n c e  s low the process. Since the corrosion is self—
g e n e r a t i ng o f i ts  “ f u e l ” in the sen ce that nas cent meta l
i s f u e l , o n e  m i g h t  e x p e c t  t h a t  t h e  s e l f — i m p e d a n c e  of  t h e
s u p p l y  of  f r e s h  s u r f a c e  m i g h t  p r o v e  u n s t a b l e  i n  t h e
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Fig. 19 — The model , as a result of T-C envelope centroid neutralization ,
predicts the trends shown for the L~K TH limit vs R , which seems fairly con- 10

sistent with extensive NEL-data of Pook
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n e g at i v e  s e n s e .  A b i t  o f  s u r f - c o ’  f r ~u l i n g  s l o w s  t h e  at~~a c k
r - a t e , h e n - c  t h e  c r a c k  g r o w l h  rate , h - f l e e  t h e  s t r a i n  r~~t e ,
h e n c e  t h e  c u o - p ly  o f  f r e s h  f i i - l , h e n c e  ‘~he a t t a c k , e t c .  ~~.- t r .

u n t i l  t h e  i ’r o c e s s  i s  / . U T . o f f .  I i .  t h i s way , ev e n t h o u g h  t h e
O X 1 J C  f i l m  i s  n o t  O T : 1 l - e r v i o u : : , .;~ i l l  an ab solute cutoff
m i o h t  be r e a c h e d  a t : I - a r 1  i c u l - / I - l ev i ,-l  o f  s t ra i  r t t e
r-e ].ative to roo-ror ion rate.

The lower contour is t h e  f - a -  qeency in-le o en—lent a i r
l i n e .  ~ he  parametric lt ne  of -on: -t ant ~ C~~/~-.rI~l is : / - e q u e n c - y
L n - i e n e n d t ’- n t  . .- J e i  { .

~~
. I sees the i n  it ial ai r— o xi 11 11 1 ion of

c l ea n  s t e e l  s u r f a c e s  t o  be ex~ rcme’lv r a r i d  f-o r a n.onola~yrer
o r  so ;  t h e n  S t op .  P r I -/ s u m a b l y ,  t h e n  t h i s  r u t s  a l i ri t  on
w h a t we call A r T, ~~ 

(~~~. t h e n  1 IT -/ i t O A C ~ . T h e  r a t  i o n a l e  h ’- r e
is not ‘oo s a t i st i o t o r y  — i t pre icnt.

22 . NTCHOC RAPHIC EVIDENC E FOR THE dT PROCESS ZONE

The re have been some published in v e s t i gations iT w o i e h
or from w h i  so  a c a l c u l a t e d  O- :~ C o - / I:s  E q .  2 cao be c --m a red
with cuant i tative mic o- os t ruc t ,ural or fract og rar -h i c m p ao’~rI’_

m e n t s .  T h e  m o s t  r e a s o n a b l e  p a r am e t e r s  a r e  t h e  f r a c t o g r - ~, r h c
d i m p l e  s i r e  or  spacin g a n d  t h ~ i n c~~u s i on  s i r e  o r  s p a c in s .
lu c h  data of w h i c h  we are aware is l i s t e l  1:: Tai le III - n - i
crossplotted in Fi g. 2 0 .  T h e  6- rend is positive althourh
far from quantitative. Act u ally the depart ore o f  t h e  t s ’ - ’a i
f r o m  a 1:1 match , in Fi g. 20 , is a relatively small effe:- ’,
T h u s  ad d i n g  abou t 1 pm to ea c h p r o c e s s  z o n e  si z e ‘- a l c u l —
at ion , as a f i x e d  co rr e ct io n, would shift the slop-c o t h a t
expe o~t ed . E v e n  i f  pe r f e c t , the d0, fractograph ic d im p l e
size correlation would say nothing of the numerous non—
dimpled fractographic features associated with h ig h cycle
fati gue and stress—c orrosion cracking. It can be argue~
[~~5} that the instability event , which controls the r a t e  of
th e fr a c t u r i n g  p r o c e s s , could be followed by a sep arat lorc
process which tends to oblitera t e the evidence for such a
s t a g e .  At t h e  p r e s e n t :  t i m e , the m:r e d e f i n i t i v e  w a y  of
determining the dT quality i n dex  i s  b y data vs C—map
ma tching procedures.

C O N C L U S I O N S

The  f o l l o w i n g  a r e  i n d i c at e d  b y  this stu- ly.

A .  I t  i s  p o s s i b l e  t o  t r a c k  C F C P  d a t a  w i t h  a d o ub l e
set of parametric lines. The  first of these represents the
frequency dependent growth. It i s derive ol by summ ing a
t r a n s i t i o n a l  g r o w t h  r a t e  f a c t o r  to  t h a t b as i c  t o  v a c u um
fatigue . The other is derived from the first , overlaid
by a ma p of the strain rate at the crack T i p  due to croc k
load ing plus crack propagation. This i-rov i-J e loci of
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A 4345 STEEL B I R K L E  WEI & PELL ISSIER; S PITZ IG
O Fe-Mn ALLOYS PANDEY AND B A N E R J E E
V 4340 COX A N D  LOW
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Fig. 20 — Comparison of calculated dT process zone size with measured fracto-
graphic /microstructura l features , from sources note d (see Table III)  shows a rea-
sonable correspondence
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- - o n s t a n t  r at i o of s t r:- I i n  r a t e  t o  s ue  f o i c .- a t t a c k  r a e .
T h e s e  10-s i m a t c h  CF C P  t r e n l .~ I n  a I r , a r ~- l t h e  t h r e s h o l d  of
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A P P I ; N  D I X
ILLUSTRATED SUMMARY OF NBL 1-TE l- T O R E F ’ f l B T  ~ 35 05

1. C o r r o s i on ’  f a t i gue  c r a c k  prop-opal . ion , C F C P , is fre-’r -s e n t
implicated in mechanical failures of machinery a o l  struc-
t u r e s  s u b j e c t e d  to  f r e q u e n t  l o a d i n g  n l u c t u a ~ i o n s  in  o t e r a -
t i o n al  e n v i r o n m e n t s .  H o w e v e r , C ’ F C P  b e h a v i o r - s v o r :~’ so
markedly with mater ial , environment , b a-I ratio a:. o fre-
q u e n c y  t h a t  engineering estimates of its course ar- c i s o r e —
e l s e , a n d  d a t a  r e q u i r e d  t o  r e f i n e  r - r e d i c t i o n s  c o s t l y .  h i s
report describes improvements of a model rc-lat i r;c, C F C P
to  E n g i n e e r i n g  m e c h a n i c a l  p r o p e r t i e s  — ordinary and cyclic
stress—stra in curves — by which many hi the r -t-c a r o o m o l o u s
behav iors ai- e reconciled. The new method co-old a ro/pr o-; e
a c c u r a c y  a n d  r e d u c e  c o s t  of s a f e — l i f e  j r e d i c ti o n s  f o r
e n g i n e e r i n g  s t r u c t u r e s .

2 .  D e v e l o p e d  h e r e  i s  a c o n n e c t i o n  b e t w e e n  t h e  s t r a i n  r a t e
of m a t e r i a l  at t h e  c r o c k  t i p  and  C F C P .  I t  i s  f o un d  t h a t  t h e
plastic strain r- t te i n  t h e  l o a d i n g  c y c l e  t i m e  m u s t  e x c e e d  a
level commen surate with the total corrosive activit y I a the
c y c l e  before the e n i i  r o o m e n t  c a n  a f f e c t  c r o c k  c r o w t h .  TO -~s
t h e  t h r e s h o ld  of  r - ,- r r -  s i  o n — f r , ’ i g u e  o t u g m e n t a t i o r ’ , r e n e r al l y
a large joan ir ’ I crack ~r o w t h r a t e , h e n c e  :iecreise In “ s a f e
li fe ” , is -I e fi ne- i T- : .- a locus of constant ratio of cra ck—t Ir
strain rate to c r a c k — t i p  corrosion r a r e .  Par ametric map s
of such loci , readily ~repared from s t r e s s — s t r a i n  iota ,
provide a - ir ef ul me ar~s Coo- char acter - i :1 rig IFC ’E behavior.

3. Briefly this summ ary re c i- Iw :’ con cep ts of t h e  e a r l i e r ,
b a s i c  m o d e l , w- ;ich pr ovides crack— i -r ,-wth r a ‘ - — f a c t i’s for
t h e  l i m i t i n g  c a s e s  of  d r y  vacu um fat I gue and of st ;-ess
corrosion cracking . A h y b r i d  g r o w  i o — r a  e — f - ;  : t o r  i s  t h en
develope-l and c om b i n e d  with growth—factor p arametric
mapping to define the freruem cy indepen d ent rr - -~wt 14 rate
l i m i t  of CFCP . An example o f  I n o l e l _ t o _ l a l a c o m p a r i s o n
illustrates the manner of prese ntation of the n u m e r o u s  ease
stud ies of the full report.
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1 4 .  T h e  h y p o t h e s i s  o f  t h i s  model is that crack s gr -w to ,
ar:- J o n L y  t o , L h a t  e x t e nt  r e q u i r e d  t o  0UO j ntain -a c o n o t a r t
l o a d  c o n l i t i o n  w i t h i n  a sm a l l  f i x ed  d i s t a n c e  f r - ~ o o a crack
tip. Exam ining this propos al leads to tw ’ basic questi on s :
f i r s t l y ,  how is the consta n t— load condition o r ia in t aine- i in
o r i t  nary uniaxial tensile deformation; and secondly, h o w
c a n  crack growth serve to maintain it in the context of t h e
c o r r o s i o n  f a t i g u e  e n v i r o n me n t ?  C o n s i d e r  n o w  t h e s e  ques-
tions in t u r n .

NEGATIVE
POISSON —
RELAXATION ..—

~~~~~~~~~~~

CORROSION LOAD MAINTENANCE

/ POSITIVE

~~~ STRAI N HARDENING
1~

STRESS
BALANCING STRAIN

STRAIN —p-

Fig. A.1 — Load partials

5 .  In  t h e  o r d i n a r y  t e n s i o n  t e s t  of a m a t e r i a l , f r e e  of  an
u p p e r  y i e l d  po i n t  e f f e c t , constant loa d -occurs in the max-
imum or u l t i m a t e  t en s i le st res s  r eg i on . H e r e , Fig . Al , the
st r ai n h a r d e n i n g r a t e , as a s t r e n g t h  p ar t i a l, h a s  d e c r e ased
to  a l e v e l  t o o  low to  co mp e n s a t e  for  l o a d  l o s s  d ue t o
lateral (Po isson) contraction , as an areal partial. Two
ad d i t io n a l  ar t ia l s  c an af fec t  c r a c k  t ip s t a b i l i t y : a
s t r e n g t h  p a r t ial , stres s relaxation ; and an areal partial ,
corrosion—like surface attack. Three o f  the four partials
are n e g a t i v e , h e n c e  r e d u c e  the  load  c a p a b i l i t y ;  on ly  that -
of strait; hardenin g is positive. Since strain—harden ing
r e q u i r e s  s t r a in i n g ,  setting the sums of the four partials
to  z e r o  i n d i c a t e s  how much s t r a i n  i s  r e q u i r e d  to s t r i k e
t h i s  b a l a n c e .
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STRAIN

DISTANCE r
Fig. A-2 — Strai n from crack loading

6. I~Text we ask how such straining can be provided to “speci-
m en m a t e r i a l ” with in some fixed distance from a crack tip.
There are two ways. Fig . A2 depicts that due to crack load-
ing. Here we envisage a tiny tensile specimen as connected
t o  t h e  s t r a i n  c o n c e n t r a t i o n  or s i n g u l a r i t y  p a t t e r n  a s s o c i a t e d
w i t h  t h e  l o a d e d  c r a c k .  As l o a d  i n c r e a s e s , so d o e s  t h e  w h o l e
p a t t e r n of s t r a in  c o n c e n t r a t i on , hence so do es the strain.
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STRAIN I NN.
E

DISTANCE r
Fig. A.3 — Strain from crack growth

7 . Alternatively suppose load on the cracked body is main—
t a i r r d , w h i l e  t h e  c r a c k  a d v a n c e s  t o w a r d s  a f i x e d  p o i n t  in  t h e
materi al. Then ,Fig. A3 , our “ spec imen ” coupled to the strain
s i r o g o  i a r ’i t y  “ r a m p ” is  e x t e n d e d  by t h e  w e d g i n g  a c t i o n  of t h e
a- ivanring ramp . In balancing the load—partial equation for
C i’CF- , o n l y  t h e  p r o p a g at i o n  s t r a i n  o f F i g. A3 is applicable
since the grow th is executed after the load has been applied
to the  c r a c k .  H o w e v e r  the  l o a d i n g — s t r a i n  t e r m  i s  n e e d e d  to
est i m a t e  the to tal s t r a i n , h e n c e  s t r a i n  r a t e , averag ed over
the total cycle time .
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STRAIN — LOG — STRAIN i
~~

EK

Fig. A-4 — Stress /strain — crac k gro wth

8. We solve for a crack—growth relationshi p by c o mb i n i :o ,c-.
the g r o w t h  vs  l o c a l  s t r a i n r e l at io n s h i p,  Fi g. A 3 , w i 14 ~he
load m a in t e n a n c e  vs st ra in re2a t i on s h ip ,  Fig. Al , to o b t a i n
a gr o w t h  relat i o n s h i p ,  Fig . A 14. Th is is set up in dimen-
s i o n l ess for m , in growth rate factors G which are p-s opor—
t i o n a  t o  c r a c k  g r o w th p e r  c y c l e , and a strain AC K , wh ich i s
proportional to crack loading or the stress intensity fr- cl or
excurs ion A K. The growth rate factor curves are sp e c i f i c
to a giv en material through its particular stress—strain
curve(s), hence its strain harden ing behavior. The o r d i n a r y
t e n s i le c u r v e , denoted by 1 in Fig. A 14 , i s  t y p i c a l l y  of
m o r e  a c u t e  y i e l d  p o i n t  t h a n  t h e  c y c l i c  c u r v e  2~ so c o r r e s -
p o n d i n g l y  i s  i t s  g r o w t h r a t e  f ac t or G 1 . l-,’e reg ard 0— . as
basic , applying to it a proportion ality factor associated
w i t h  t h e  s t r e s s — r e l a x a t i o n  p a r t i a l .  S u s t a i n e d  l o ad  or
stress—corros ion cracking, on t h e  o t h e r h a n d , is associated
w i t h  01. For corros ion fatigue , a transitional growth ‘-ate
f a c t o r  G 211 i s  d e f i n e d  w h i c h  e m p l o y e s  t h e  s t r a i n  h a r d e n i ng
r a t e  of  t h e  o r d i n a r y  1 ( t r u e )  s t r e s s  s t r a i n  c u r v e  b u t  t U e
stress of the cyclic 2 curve . Since the cyclic str - ’ss
envelope is lower and smoother , so correspondingly is N — 1 1
vs ~l1 only. We associate G271 with the cor rosive rartial
only , as an ad junct to the stress relaxation partial u t —
lyzedin con junction with 02 .
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-~~~. Three a H t i o n a l  f e a t u r e s  of  t h e  to -v  rn od - l l i r o g  s h o u l d  b e
i ll - o s’ r oif eN by Fig. 2 of the full report

a. Fir-st l y ,  a cent roid neutr alical ion rule is inv - - k e- ’i
whereby tire cyclic true stress—s train unvelope s a w : along
i ts elastic b a-i line until i t s  c e n t r - o i J  o f  or - c a  r e s t s  on
‘-he s e r o  stress axis. For  ve i- y low p l a s t i c  s t r a i n , s t r e s s
e x c r r o  :- ons  j u st  e x c e e d i n g  t h e  y : e l d  ~- - in~ , this i s im oo oss—
li -b e w i t h o u t  intro ricing compressive strain , w h i c h  in tu ”o .
is an im possible effect of an elastic stress fiel : - -oll a r s —
ing u t - o n  c r a c k  unloading. A slight additional tensile
strain , hen ce AK—offset , one—half the yield strain , p e rm its
the centroid neutralization under these condition s . This
s t r a i n  o f f s et set s t h e  m i n i mum v a l u e  of  A P  f o r  the f a t i g u e
p ropagation threshold , however h i g h  the load ratio B .

b. The second feature p ertains to the disposition of
t h e  cy c l i c  e n v e l o p e  f o r  R > 0 .  We a s s u m e  i t  t o  b e of t h e
same f o r m  as t h e  f u l l  cy c l i c c u r v e  of re d u c e d  s t r a i n
e x c u r s i o n , b u t  s u b t e n d e d  f r - c m t he  p r o f i l e  of t h e  f u l l  c y c l i c
s t r e s s — s t r a i n  c u r v e  e x e r c i s e d  t o  t h e  m a x i m u m  s t r a i n .

c .  T h e  t h i r d  f e a t u r e , c l o s e ly  r e l a t e d  to t h e  s e c o n d ,
is th at the s t r a i n g r a d i e n t , the ramp slor e  f o r  propagat ion
in Fi g. A3 , is assumed proportional to the strain excursion
AC K, not the maximum strain , 6max •
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L O G —  STRAIN 
~~

EK~~
Fig. A-5 — Combined growth sources

10. One doesn ’t know , p r i o r  to  c o m p a r i n g 0 p l o t s  w i t h  c r a c k
growth ra te data , how m u c h  of t h e  “c o r r o s i on p a r t i al ” is
appl icable to a particular material/corrosive environment
combinat ion. How much involves a fitting parameter. To
p r o v i d e  a r a n g e  of s e l e c t i o n s, we map out a parame tric
family of 0 curves , add ing t o  t h e  bas i c G 2 an a r b i t r a r y
i n i t i a l  c o e f f i c i e n t  t imes 02 / 1,  Fig. A5 Then a second
plo t  is m a d e  wi th t h e  a r b i t r a r y  c o e f fic i e n t  d o u b l e d , t h e n
a g a i n  t i m e s 14 , 8 , 16 , e t c .  to  2 15 . We c a l l  t h e  sum 0 ( N )  ,
and in data comparisons ask what value of N provides a
member  of the p a r a m e t r i c  c u r v e  f a m i l y  b e s t  f i t t i n g  the
growth rate data of a given load ing frequency. —

84



r 
__

M~~~- 
~‘~~ - LOADING

~~~~~~~COMB IN E D

GROWTH
RATE
FA CTOR

ELASTIC

— 

STRAIN
~ L

LOG— STRAIN 
~~

EK
Fig. A-6 — Combined crack-ti p strain rate

11. The next step is to map out a parametric family of
curves of constant strain rate. This family , Fig. A6 , i s  of
t h e  s a m e  g e o m e t r i c — s e r i e s  b a s e  ( t w o )  and  ( l o g )  c o o r d i n a t e s
as t h e  G ( i : ) vs  AC K m a p  of F i g .  A 5 .  Two l i m i t i n g  c o n d i -
t ions are observed. Strain due to a given amount of crack
prop agation increases as the K—level , hence gradient steep-
n e s s , increases. Hence lines of constant strain rate due to
oropagation slope down —l in G(N) l A C K space. However ,
the l o a d i n g  s t r a i n , i n d e p e n d en t of c r a c k  g r o w t h , is  a
func tion of AK alone. A base 2 family is a set of vertical
lines an equal 2X apart on log paper. We use only the
p l a s t i c  p a r t  of t h e  l o a d i n g  s t r a i n  so t h a t  d e d u c t i n g  t h e
elastic strain compr esses this set to the right. The com-
b i n e d  l o a d i n g  and  p r o p ag a t i o n  s t r a i n  r a t e s  jo i ns  t h e s e  two
e x t r e m e s .  In  the  t e x t , i n d e x i n g  i n t e g e r s  of t h e  s t r a i n
r o t e  se t  are  d e s i g n a t e d  i - y  M , t h o s e  f o r  the  growth rate set
by S.

85

1TO r

~ 

~~~~~~~ - - o - ’  -- -- -—



r 
- - __ _ _

~~~~
N ” 13

~~~ -3 15

f2— CONST (N- M)
- 

1Q /~ STRA I N RATE
6 9 - CORROSIVE RATE

GROW TH I
RAT E
FA CTOR /

/ /
/

L O G -  S T R A I N  
~~

EK 
—

Fig. A-7 — Gro w th X strain rate mapping

12. T h e  n e x t  s t e p  is  t o  c o m b i n e  “ I-I ” a n d  “ N ” m a p s , b y s i mp l y
superposing them as in Fig. Al . The loci of cer t ai n int er—
s e c t i o n s  of  t h e s e  n o w  o b t a i n  a s p e c i a l  significance. Traces

of -constant N—PI (or il— N ) indexes represent lines of constant
ratio of total plastic strain to total surface attack d u o ’ i n g
the loading cycle : A€ /A r T .  R e l a t i ve  to c yc le du ra t i o n

a re r a t es — p 1a~~t i c  s t ra in v s s u rf a c e  a t t a c k  r at e s:
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Fig. A-8 — Mapping crack growth data

13. The  f i t  of t h e  comb i ne d m a p p i ng o f F i g .  A T to  r - -: al
CFCP data is done by selecting those fact - rs of Proportio n—
alU y providing, b e s t  f i t  of G / A s F~ to  t h e  ~~~/ A K  d a ta .  T h i s
f i t  r e q u i r e s  s e l e c t i n g  one  p a r a r a c t e r —  t h e r~ i c r o s tr u c t r o r a l
s i ze co n s t a n t  dT. Since dT a ff e c ts b o t h  o r d i n a t e  a n d
ab s c i ssa  s c a l e s , its selection constrains the fit to one
d e g r e e  of f r e e d o m : t h e  re 1’e r e n c e  poi n t es t ab l i s h e d  on t he
grow th X strain rate map, Fig. A T ,  m u s t  l i e  on the refer-
e n c e  l i n e  of  the c r o c k  g r o w t h  d a t a  s l o t , Fig. A 8 . Pr i ce  dT
is obtaine d , w e observe that locus lines of constant N— ’-T
m n tch the two frequency—in dependent gr - -cw th rate limits of
CFCP. The lower one in AK (upper in growth i-ate) ar-pears
to define the threshold of Star II gr: -wlh , th~ onset o f
the frequency-dependent p l a tc a u  r eg i on on t h e  -

~
---

~~
- vs AF

plo t , Fig. A -5 . G en e r a l ly ,  a higher i ndex N—l-I ,°~~eans a
lower critical value of relative strain rate ~~~~~~~ which
corresponds to a lower and more steeply sloped AK line
for stage II transition. ‘~1hen the stage II trans it ion is
unfavorable , i.e., of low C p / V q , so generally is the nc-per
AK lim it which corresponds with the air environment growth
profile.
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l~~. 
I’ O e c as i t u l a t e , v a r i o u s  a n a m ol o u s  b e h a v i o r s  of  S F C P

are L i t  se : i-y use of t h r - e  chat-ac ten :-ing p a r -asiut er - , -
- o k e r o

i t;  conjunci t uri w i t h  tests ile test data of ca-cl . r ’ e r i i l .
The  i- a:-ameteo-s are:

* 
a .  The  process zone sloe T’ w h i c h  locate : r1 on e

d e g r e e  o r  f i n e - l a m , t h e  m a : -  Oi; tie dat -c . It i s the crac~ P r  p

d i : t a : i ce  w i t h i n  w h i c h  th e con stan l Lou u - n o i t i o n  is m a i n —
tUne - i . 

-

b. t h e  surface attach per cycle nr T, asso-o i osed w i t h
the N index , :p--r t i e  growth rate curve of best fit to lata
of a given la r d i n g  frequency. In susceptible alloys , t h e
surface attac k rote A i r 0  f = V~ s r y t o i c a l l y  a c o n s t a n t ,

- - i n d e p e n d e n t  o f  t r - ~u e n c y ;  e n d

c .  T h e  n e w  p a r a m e t e r , t h e  r e l a t  y e  p l a s t i c  s t r a i r ~
(rate) ic /Ar T ~~~/ V 5 as s o c ia t e d  wi th t he N — I - I  i n d e x .

V Nen eral ly one value N—I-I pertains to stage II threshold , a
lower one to the air environment growth i-ate.

114. The efficacy of this three—par ameter characteri :a~~i o n
of  C F C P  i s de m o n s t r a t e d b y so m e d o z e n  ex am p l e s  in  th e
r e p o r t .  T h e y  i n c l u d e  m a n y  of  t h e  k n o w n  a n o m a l o u s  b e h a v i o r s
or CFCP. Th is success speaks of the opportunity to:

a. An alyse more c a s e s  o f  CFCP data with the improved
m o d e l ;  and  s u c ce e d i n r. in this

b .  C o n v e r t  t h e  m e t h o d  i n t o  s i m p l i f i e d  e n g i n e e r i n g  r u l e s
and/o r computer programs for safe—li fe prediction and
damage tolerant de r ign analysis.
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LIST OF A B B R E V I A T I O N S , A C R ( J~~Y M~ A~I D  ~ Y~113 j~j

K — c r a c k  t i p st re ss i n t e n s i t y  f ac t o r , af t er I r w i n
K1 — mode  I , p l a n e  s t r a i n st re ss in t e n s ity  f a c t o r

— s t r e s s  i n t e n s i t y  f ac t o r  ex cu r s i o n
K ic 

— K1 f o r  ons et of f ast f rac t ure  i n s t a bi l i ty or
p l a n e  s t r a in f r a c t u r e  t o u g h n e s s

K l scc — K1 for t h r e s h o l d  of SCC

FOP — Fatigue Crack Propagation
CFCP — C o r r o s i on Fa t i gue C rack P r o p a g a t i o n
SOC — Stress Corrosion Cracking, sometimes called

static—fatigue corrosion—induced crack growth
P - l oad  on a s p e c i m e n
R — loa d r a t i o , Fm i n /P max~ in fatigue
a — cr ac k l en gt h

— inc r e m e n t  in c r a c k  l e n g t h  in one  cy cl e of
f a t i gue load ing

f — f r e q u e n c y  of f a t ig ue lo adi ng
t—At — period of fatigue loading 1/f
tL ,  tH — time intervals of loading and load—holdi ri r o f

a f a t i gue wav eform
V - Vacuum Environment
A - A i r
IA — Inert Argon
FW — Fresh  W a t e r
SW — Sal e Water ( 3 . 5 %  NaC1)
SEA - Key West Ocean Water

a , a , a — s t r e s s , t r u e  s t r e s s , s t r e s s  r a t e  r e s p e c t iv e l y
— yield stre ngth at 0.2% offset

°TUS 
— Ultimate Tensile Strength

°cus — Ultimate Compressive Strength

0 — slope of stress—strain curve or tangent
m o d u l u s

E — Young ’ s e l a s t i c  m o d u l u s
v — Poisson ratio
m — stress—relaxation exponent

~~~, ~~~, c — s t r a i n , t r u e  s t r ai n , s t r a i n r a t e  r e s p e c t i v e l y
— di arn e t r a l  s t r a i n

C L 
- l o n g i t u d i n a l  s t r a i n
— plastic (only) strain

~1 2 
— strain pertaining to first excursion (1) , or

full—cycli c equilibrium (2) strain cycle
S — t e s t i n g  m a c h i n e  s t i f f n e s s
CT — total compliance of a specimen—machine assem—

b l age
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— S tr e s s , s t r ai  r i I a d i r e c t i o n  nL r s t a ]  t o  r l a n e  of
sir Jr I C r a r k

— d i s t .~ n c e  a he a ’J  ot  c ra k or  s i r ~~ ui t r i ~~’r p i r t
of crack—tip :tress t i e l J

— a s p e c i f i c  v a l u e  of  r , f r i r~ J is; a S i z c  ~ a r a —
meter in the flracture~~flrw nodell ir i ~

— r a d i u s  of  a 1i~~a! r1i l . o f  • 11 m r  C 1  n
T

~ r T — r a d i a l  d i m in u t i o n  d u e  t o  e i v i r n m i - a i l  s u r fa c e
attack or annihilation Jun r i1 ~ he l o t 1

V — rate of surface attack , A r T/T

A — cross— sectional area of d t — l j tr ~~~r t
— c h a n g e  in  li g a m e n t  c r o s s — s e c t i on  ~ae  t o  P e i s s r a

c 0 n t r a C t io n
— change in ligament cross— section sac t o  s u r f a r~~

annihilat ion
— change in stress on ligament due to strain—

~iarJ ening of liRament mater Ial
— change i n  stress or~ l i gam e n t  d ue  to  s t r e s s

relaxation of the ligament material

K G — v a l u e  of K ass oc ia t e d  w i t h  t h e  s t r a i n gr ad i e n t
near the crack tip

— value of K associated with load application in
t h e  f a t i gue cy c le

— g r a d i e n t  s t r a i n , p r o p o r t i o n a l  to  at r = d~~
a lso  p ropo rti onal  to  K G dr V

— l o a d i n g  s t r a in , at r = dT, due to appl i ca t i o n
of l o a d  in f a t i g u e  cy c le , a l s o  r r o p o r t i onal
to  K L

CK or lic K - st rai n a m p l i tu d e  a s s o c i a t e d  w i t h  m a x i m u m
st r es s in t e n s i t y  f ac to r or i t s  ex c u rsi on

= — plastic strain accruing in one 1oadin~ cycle

~ /f 
due to  b o t h  c r ack load i n g and p r o p a ~~at ion

p

— growth rate factor associated with cyclic (2)
s t r e s s  s t r a i n c urv e

— p~r owt h r a t e  fsct or a s s o ci a t e d w i t h f i r s t
excursion (1) s~~r e s s st r a i n  c u r v e

~2/l 
— growth rate factor rroport .~~o n a l  t j  t h e  c r r r r —

s i o n — a u g m e n t a t i o n  of  c y c l i c  f at i ~~ue c r a c k
growth

f’2 (m) — coef ficient of 02

~l’~~
rT) — coef fici ent of G

1 or
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G(N ) — g r o w t h  r a t e  f a ct o r  f o un d  by  ad d ing v a r y in~
d eg r e e s  of  G 2 ,,~ t o

Y — s t r a i n  r a t e  f a ct o r  r o p or t i o n a l  ~~ 0 ( U )  u~~~-d

to di sp lay curves of conctant plastic strain

ra te of t h e  dT l i ga m e n t ,

N — geometric series exponent for p aram etric curve s

of c on s t ant  Ar T in ~(I~) ~~ ~~ K 
Tace

M — geometric ser ies expon ent for ~ararnetriC car .~~~
of c o n st a n t  ~~ /f in Y vs AC K space

C O N V E R S I O N  F A C T O R S

1 MNm 2 1 MP a = 0.1~~5 ks i

1 MNm 3/ 2  1 MPa . m
J/ 2 

= 0.91 ksi ~~~~~~~~~ .

1 pm 39.~4 p i n .
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